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ABSTRACT
Semiconductor ceramics have been the subject of study for many years due to their
usefulness in applications ranging from LED devices to computer chips. Despite the
ubiquity of semiconductor ceramics in daily life, the synthesis and manufacturing of such
devices is tedious, energy intensive, or have a high potential for danger. Manufacturing
methods such as deposition require the use of toxic or pyrophoric gases as well as requiring
the temperatures often exceeding 1,000 °C. One way to address the issues of toxicity and
high thermal barriers can be found in the implementation of pre-ceramic materials;
materials which are either molecular or polymeric, and can be thermolyzed to form
ceramics. The hypothesis that group 13/15 compounds can be used as molecular preceramic materials for the formation of III/V semiconductors was tested and found to be
successful. Towards this effort, an earth-abundant iron-based catalyst was tested for
catalytic activity in the activation of pnictogens and pnictogen-boranes. Additionally,
stoichiometric syntheses of heavier group 13/15 compounds were explored, and the
resultant compounds were found to be successful in the formation of III/V ceramics.
Through the analysis of the reactivity of [CpFe(CO) 2]2 as a more reactive
hydrophosphination catalyst than the closely related CpFe(CO)2Me, a hypothesis that
[CpFe(CO)2]2 would be a more active dehydrocoupling catalyst for phosphine-boranes
than the closely related CpFe(CO)2PPh2BH3 was formed. This system was then expanded
to the study of arsine-boranes, resulting in the discovery of a catalyst-free generation of a
wide range of pre-ceramic materials which provide clean thermolysis to semiconductor
ceramics at the lowest temperatures observed for these types of ceramics. Substitution
effects, the impact of oxygen, and the effect of pre-heating treatments were analyzed during
this work. Through this methodology, ceramics including BAs, BP, GaP, GaAs, and AlAs
have been realized, with substantial progress made in the formation of BN, AlP, and GaN
ceramics.
The use of small phosphorus rings was employed as a potential replacement for the
use of primary phosphines in phosphine-borane formation. This brought about the
discovery of small phosphorus rings serving as precursors to the formation of primary
phosphines through the reaction of the rings with a Lewis acid catalyst under hydrogenation
conditions. Additionally, the expansion of classical Schmidt type chemistry where the
phosphorus rings serve as a source of “RP” were examined. This enables the study of
phosphinidene fragments without the need to synthesize clunky supporting groups or
handle primary phosphines to transfer low valent phosphorus fragments.
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Chapter 1: Introduction
1.1 Goals of this dissertation
The goal of this dissertation is to investigate the ability for small molecules to serve
as precursors for the formation of III/V ceramics and for the ability of an iron-based
compound to serve as a catalyst for the formation of pre-ceramic molecules and polymers.
Highlighted in this dissertation are some advances in the formation of value-added
organophosphines, including the efficient formation of bidentate phosphines using a
commercially available and readily abundant iron complex and the formation of trivalent
phosphines from low valent precursors. Stemming from this work, an investigation into the
ability to form primary phosphines without the need to handle pyrophoric solid reagents is
discussed through the activation of cyclic phosphine compounds under a hydrogen
atmosphere. Also discussed is the formation of main-group ceramics at lower temperatures
than reported by using molecular precursors. In some cases, the use of molecular precursors
lowers the temperature of ceramic formation by up to an order of magnitude, and reducing
the time of thermolysis from days to hours. These molecular precursors are themselves
potential catalysts for synthetically useful reactions, such as hydrogenations. Of particular
note is the synthesis and characterization of arsine borane compounds, which demonstrate
the spontaneous formation of oligomeric cyclic structures and can be easily thermolyzed
to cubic AsB. The work herein describes the process of examining novel bond formation
processes, both with and without transition metal assistance, towards the goal of achieving
new materials and compounds.
1.2 Dehydrocoupling
1

In the formation of pre-ceramic molecules and polymers, one desirable reaction is
dehydrocoupling. Dehydrocoupling is a reaction in which two elements form a new bond
with a release of hydrogen gas.1-2 The release of this gas has benefits including acting as
the entropic driving force in the system, enabling the formation of otherwise weak and hard
to form bonds between main group elements. Additionally, the loss of H2 in the system
reduces the reversibility of the reaction, as H2 would need to be re-introduced to the system
to reform the original E-H bond. Finally, from a synthetic standpoint, the loss of a gaseous
byproduct simplifies purification. An additional benefit is that dehydrocoupling is a known
reaction type for abundant, hard transition metals, such as cobalt, zirconium and iron,
which enables the consideration of earth-abundant metals during catalyst design.2-7
One mechanism that may result in formal dehydrocoupling is a series of oxidative
addition and reductive elimination steps, where one elimination product is H2. A second
mechanism that may afford dehydrocoupling, specifically in the case of group III/V
monomers, is a β-hydride elimination centered mechanism. This process has been

Figure 1.1: β-hydride elimination of amine borane

2

investigated by Baker, and is proposed in the polymerization of amine boranes (Figure
1.1).8-10 As a part of this proposed mechanism, a monomeric unit of amineborane adds to
the metal center (releasing H2), and β-hydride eliminates to form aminoborane, a highly
reactive molecule, which can then react further.9-10 This mechanism is important to
consider in this project, as heavier group III/V compounds, which have larger orbitals and
weaker E-H bonds, may have a larger propensity to undergo β-hydride elimination.
In a third potential mechanism, σ-bond metathesis, an E-H bond can exchange with
a different E-H bond, affording new E-E bonds with the release of H2 (Figure 1.2).2 σBond metathesis is seen in d0f0 metals and not metals with filled orbitals due to the
electronic repulsion which occurs when a metal possesses filled orbitals. σ-Bond
metathesis proceeds in a concerted single step mechanism. Some d0f0 metals have been
shown to react with amine and phosphine boranes,11-13 providing precedent for using these
types of catalysts in other III/V reactions.

Figure 1.2: σ-bond metathesis towards dehydrocoupling

3

1.3 Ceramic synthesis
The synthesis of ceramic compounds can be achieved in a variety of ways, usually
utilizing high temperatures and/or high pressures of reactants.14 By definition, a ceramic is
a compound that is comprised of repeating elements (SiN, SiC, BN) but can contain any
combination of elements. A distinction between ceramics and polymers is usually made
based off of observed physical properties, with ceramics tending to be brittle, inflexible,
but with high compressive strength. Polymers, in contrast, tend to be more flexible but
easily compressed. Both polymers and ceramics may be crystalline or amorphous. While
ceramics do not necessitate containing a metal, they must possess at least one nontransition metal to be considered a ceramic, as compounds which only contain transition
metals are classified as alloys.
There are several broad categories of ceramics such as oxide or nitride ceramics,
which contain oxygen or nitrogen, respectively. In oxide ceramics, the sintering of smaller,
chemically similar materials to afford a bulk ceramic is commonplace.15 Late stage
modification, such as changes to morphology, can be achieved through high energy laser
etching or deposition methods.16-18 Seeded growth of ceramics and deposition methods
such as chemical vapor deposition (CVD), atomic layer deposition (ALD), and metal
organic chemical vapor deposition (MOCVD) all provide high precision and control over
the formation of ceramics.19-25 The properties of the formed ceramics vary widely, and any
attempt at a list would fail to do the scope of ceramics in the world justice. However, they
can range in electrical properties from superconductive magnets to insulative shock
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resistors, and physical properties of thermally conductive heat dispersion devices to the
interior of engines as thermal insulators.
While these routes all provide extreme control over the ceramic which is formed,
each method is a high energy input- sintering and calcination of oxide ceramics are
routinely heating to temperatures exceeding 1,000 °C, deposition requires the use of
gaseous and toxic precursors, and laser ablation requires the use of high energy lasers.
These high-energy formation methods, while effective in what they do, are actually quite
limiting in the scope of new ceramics which can be formed. In effect, most modern ceramic
science is in the study of the modifications of existing ceramics, and not in the discovery
of new ceramics.26 One method which can be employed to generate new ceramics is the
use of pre-ceramic polymers to pre-form bonds of interest, then thermolysis at lower
temperatures can theoretically be achieved.

27-30

This route of course also comes with

drawbacks, it has been observed that it is challenging to remove all carbonaceous
impurities from the pyrolyzed products.27, 31-32 Yet, this route has been studied extensively
in industrially relevant ceramics like SiC, and more recently, BN. 33-34 In Chapter 4, the
synthesis towards new preceramic precursors for group III/V ceramics is discussed in
depth, and in Chapter 5 the thermolysis profiles and properties of these precursors are
examined in the formation of ceramics.
1.4 Inorganic rings
Small inorganic and main group rings have been known for decades, and the
reactivity of these rings has been a mainstay in main group and organometallic
chemistry.35-53 Virtually every main group element has been observed in a cyclic system of
5

some size, and as such, synthetic routes to access such ring systems are robust and well
understood. As such, the activation of these inorganic rings provides a foundational step
towards understand their potential utility in preceramic materials. It would be a disservice
to the field to not mention the existence of inorganic polymers, as extensive work in the
formation of main group polymers has been observed.27, 33, 50, 54-61 However, the formation
of main group polymers was not realized during this dissertation.

Figure 1.3: Formation of tetramesitylthiadisilacyclopropane

There are a few common routes to the formation of these rings. The incorporation
of an element across an unsaturated element-element bond can be achieved through a [1+2]
cycloaddition

as

demonstrated

by

West

in

the

formation

of

tetramesitylthiadisilacyclopropane from 1,1’,2,2’-tetramesityldisilene. (Figure 1.3).62 The
reactivity of multiply bonded inorganic elements also gives rise to other cycloaddition
products, as seen previously in the β-hydride elimination reaction pathway observed
previously in Figure 1.1 when considering aminoboranes. The [2+2] cycloaddition of
those reactive fragments prompts the formation of more stable, larger ring systems. This
version of ring formation may be what causes the ring formation observed in arsine borane
compounds discussed in Chapter 4. Ring systems can also be formed through the dative
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interaction of an electron rich element donating to an electron deficient element β to itself,
resulting in a three-membered ring as observed by Huch.63
The formation of more complex ring systems can be achieved through salt
metathesis, as demonstrated by the formation of boraamidinate ligands explored by
Chivers, where rings can contain a mixture of group 13/15 elements. 64 The use of salt
metathesis is perhaps the most straightforward approach to the synthesis of phosphorusbased rings can be found through the reductive coupling of chlorinated organophosphines
of the general type RPCl2 (R = aryl or alkyl) with a metal, usually Zn0 or Mg0, to afford
cyclic phosphines (RP)n (n = 4, 5, 6) and a chlorinated salt.65 Phosphorus based rings and
their utility in the use of low-valent phosphorus transfer will be discussed in Chapter 3.
1.5 Semiconducting materials
Semiconducting materials are materials which are electrically conductive when
subjected to a sufficiently large external voltage. This voltage is referred to as the “band
gap” and can be thought of as a bulk materials version of the HOMO-LUMO gap, where
the HOMO is the Highest Occupied Molecular Orbital, and the LUMO is the Lowest
Unoccupied Molecular Orbital.66 In this analogy, the LUMO is renamed the ‘conduction
band’, and the HOMO is referred to as the ‘valence band’. In all materials there exists a
gap between the valence band, the energy level in which electrons occupy when not
exposed to an external voltage, and the conduction band, the energy level in which
electrons can flow freely throughout a material (Figure 1.4). The most common conductors
are metals, in which charge is carried freely throughout the metal. Insulators are materials

7

Figure 1.4- Visualization of the band gap

with a very large disparity in energies between the valence band and the conduction band. 67
Materials with band gaps between these two extremes are semiconductors, where charge
can flow only after a voltage has been applied to the semiconductor by the promotion of
electrons from the valence band to the conduction band.
The voltage applied which causes conductance to occur imparts the properties of
the semiconductor, with some of the most common applications being found in the
manufacturing of computer chips and LEDs. LEDs, or Light-Emitting-Diodes, are
semiconductors which emit light in the visible spectrum when sufficient voltage is applied.
During molecular electronic excitation, an electron is elevated from its resting state to an
excited state from some means. In the instance of semiconductors, this excitation is the
result of an external voltage. Following excitation, the electron falls from the excited state
back to the resting state. As energy cannot be ‘lost’, the excess energy is converted to other
forms of energy, which can be thermal relaxation (generation of heat) or through the
emission of that energy in the form of a photon (Figure 1.5). The energy of the relaxation
8

Figure 1.5- Generic emission diagram

is equal to that of the photon (assuming no thermal relaxation) and as such can be tuned
depending on the band gap of the semiconductor.67-68 This gives the ability to tune
emissions to a desired wavelength, and this field has been extensively studied for
decades.69-70 The work described in Chapters 4 and 5 describes efforts made towards the
formation of semiconductor ceramics of the type found in LED devices.
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Chapter 2: Use of (CpFe(CO)2)2 in group 15 bond activation
2.1 Introduction
Bidentate phosphine ligands have enabled a wealth of catalytic reactions, with
significant advances in many C–X bond forming reactions. Many P–C bond forming
reactions necessary to form these ligands are stoichiometric and generate salt waste, thus,
“greener” catalytic methods to achieve P–C bond formation are desirable.1-6
Hydrophosphination is an attractive catalytic route to forming P–C bonds, and despite
recent advances in this reaction,4, 7-17 significant challenges remain.4 In 2012, Nakazawa
and coworkers reported the first example of the double hydrophosphination of terminal
aryl acetylenes with secondary phosphines using the ubiquitous iron complex
CpFeMe(CO)2 (Cp = η5-C5H5) and followed on with Cp*FeMe(CO)2 (Cp* = η5-C5Me5).1415

In 2016, Di Giuseppe and Oro and reported a rhodium catalyst for the double

hydrophosphination of terminal alkynes with secondary phosphines.18 More recently, Cui
and coworkers outlined highly efficient double hydrophosphination of terminal alkynes
using a simple copper N-heterocyclic carbene catalyst.16 Waterman has demonstrated that
triamidoamine-supported zirconium is effective for the double hydrophosphination of
internal alkynes with primary phosphines, especially when irradiated.13 While this field has
accelerated recently, there are limited examples of catalysts for the double
hydrophosphination of terminal alkynes and, with the exception of Cui’s, reactions are
lengthy.
Improving on iron-catalyzed processes is desirable in general due to the relative
abundance of iron. Indeed, highlighting catalytic processes that utilize high-abundance
16

metal compounds and low-energy input are important to green chemistry principles. 19 An
attractive low-energy light source is visible light generated from LED bulbs, which provide
a high photon density at low cost. Visible light promoted iron catalysis is known, with
numerous reports by Sortais and Darcel detailing a variety of transformations.20-22
Waterman has recently reported the visible-light promoted hydrophosphination of styrenes
and terminal alkenes using a commercially available, air-stable iron complex [CpFe(CO)2]2
(1),5 the photochemistry of which has been well-studied.23 It was hypothesized that
phosphido compounds deriving from 1 would give improved rates of double
hydrophosphination based on Nakazawa’s mechanistic proposal.14 This hypothesis was
borne out: 1 is an effective catalyst for the regioselective double hydrophosphination of
terminal aryl alkynes under visible light photolysis conditions, in some cases reducing
reaction times by 48 hours, which also represents the first example of photocatalyzed
double hydrophosphination. Employing thermal conditions comparable to Nakazawa, Di
Giuseppe and Oro, and Cui results in further improved reactivity, giving double
hydrophosphination products in excellent yields with minimal reaction times.
2.2 Visible light catalyzed double hydrophosphination
Reaction of a 1:2 mixture of alkyne and diphenylphosphine mixture with 5 mol %
of 1 under visible-light photolysis at ambient temperature gave double hydrophosphination
products as measured by 31P NMR spectroscopy as described in the dissertation of previous
Waterman group member Justin Pagano.24 A variety of para-substituted terminal aryl
alkynes were tested under these reaction conditions, all of which gave excellent conversion
to the double hydrophosphination products (Table 2.1). The conversions observed are
17

comparable to those reported by Nakazawa14 and Cui16 under thermal conditions in most
cases. Additionally, the substrate scope is similar to that of all three previous studies,
displaying that this method is comparably versatile to the established protocols. Employing
a solvent in these reactions results in no reactivity, highlighting the need for concentrated
conditions to engage in productive chemistry, which is also consistent with observations
by Nakazawa and coworkers in 2012.14 This strong dependence on concentration prevents
quantitative conversion to double hydrophosphination products, as these products are
solids and sufficiently disrupt reactivity upon precipitation from the neat solution. Attempts
to continue reaction after precipitation by addition of solvent followed by extended (> 72
h) irradiation at ambient temperature did not result in additional reactivity. Control
reactions highlight the need for both 1 and visible-light in this system. Excluding 1, visible18

light from a commercially available LED bulb (λirr > 500 nm, 6–15 W, 450–800 lumens),
or both results in no reactivity (Table 2.1). Reactions conducted on the benchtop in a welllit laboratory or in a windowsill did not result in any conversion after seven days,
demonstrating that the high photon density from a LED light is necessary for reactivity.
The results from the visible-light promoted process were encouraging, which led to the
hypothesis that employing thermal conditions using 1 as a catalyst would further improve
reactivity.
2.3 Thermal double hydrophosphination
The reaction of a 1:2 mixture of alkyne and diphenylphosphine with 5 mol % of 1
at 110 °C resulted in the rapid double hydrophosphination of a variety of terminal aryl
alkynes (eq. 1). In all cases, reaction times were significantly improved from the visiblelight conditions with modestly increased yields (Table 2.2), representing some of the most
efficient examples of double hydrophosphination catalysis to date. Lowering the catalyst
loading to 0.1 mol % resulted in 94% isolated yield of 1,2-bis(diphenylphosphino)-1phenylethane over 48 hours, a comparable yield to Nakazawa’s system (72 h, 5 mol % of
CpFe(CO)2Me, 110 °C)14 and comparable conditions to Cui’s (8 h, 1.25 mol % of CuCl2
and 5 mol % NHC, 110 °C).16 Like the visible-light photolysis conditions utilizing 1, a
variety of both electron-donating and withdrawing substrates were amenable to this system.

(1)
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In all reactions, small (< 5%) conversion to the E-vinylphosphine (i.e., single
hydrophosphination) was measured by 31P NMR spectroscopy.
Phosphorus

containing

byproducts

are

easily

removed

by

silica

gel

chromatography, and iron-containing products can be removed by washing the
chromatographed products with hexanes, as described by Nakazawa. 14 In some instances,
purification could be achieved by recrystallization from a saturated pentane solution, with
easier purification possible on bulkier, more crystallin products (for example, R = mes).
Scaling the reaction of Ph2PH with phenylacetylene from a ~1 mmol scale to a 50 mmol
20

scale resulted in no depreciable decrease in isolated yield, highlighting the use of 1 as an
affordable and easy-to-handle system to access a variety of chelating diphosphine ligands.
While alteration of the terminal alkyne did not result in much variation of yield,
substitution of the secondary aryl phosphines greatly affected reactivity. Reaction of bis(ptolyl)phosphine and phenylacetylene with 5 mol % of 1 under either thermal or photolysis
resulted in meager conversions (20–30%) to the desired double hydrophosphination
product. However, 11% conversion to tris(4-methylphenyl)phosphine was observed, as
well as 57% conversion to other unknown products (eq. 2).

(2)

Attempted purification including column chromatography, recrystallization from
various solvents, and preparatory thin-layer chromatography failed to afford pure product.
In all cases, separation from iron-containing byproducts was successful, though
phosphorus-containing byproducts, including one consistent with the vinylphosphine,
remained. One byproduct, tris(4-methylphenyl)phosphine, was consistently formed in
about 10% in both thermal and photo-driven reactions. This observation parallels αphosphinidene elimination that has recently been reported for CpFeMe(CO)2.25 Control
reactions of 1 and bis(4-methylphenyl)phosphine produce a similar quantity of tris(4methylphenyl)phosphine among other unidentified products. Efforts to replicate the PR
group transfer chemistry reported for CpFeMe(CO)2 using 1 were unsuccessful, indicating
that 1 has limited efficacy for α-phosphinidene elimination.25 More germane, these
21

observations suggest that modification of the phosphine under these reaction conditions
has a powerful effect on the resulting yield of double hydrophosphination products.
Hydrophosphination with substrates other than diphenylphosphine has been limited, 4
which argues for greater exploration in this area, especially for double hydrophosphination.
From prior study,26 1 dissociates into two equivalents of CpFe(CO)2• (Fp*) under
thermal or photochemical conditions, and conducting this dissociation in the presence of
diphenylphosphine results in formation of an equivalent of CpFe(PPh2)(CO)2 and
CpFeH(CO)2 (FpH),5 the latter of which is known to decompose to 1 via loss of H2.27
While side reactions may occur, it is reasonable to presume that the key iron-phosphido
intermediate in these reactions
is CpFe(PPh2)(CO)2 (FpPPh2),
similar

to

Nakazawa’s

proposed

CpʹFe(PPh2)(CO)

(Cpʹ

Cp

=

or

Cp*)

intermediate in the double
hydrophosphination catalyzed
by

CpʹFeMe(CO)2

derivatives.14-15 These steps
are summarized in Figure 2.1.
It was suggested that sluggish

Figure 2.1- Proposed mechanism for double
hydrophosphination catalyzed by 1
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catalysis

in

Nakazawa’s

systems

resulted

from

coordination of the phosphine prior to product displacement. The additional carbonyl
ligand in FpPPh2 appears to be pivotal in accelerating this catalysis by inhibiting product
coordination, and the validation of our hypothesis that 1 would afford faster catalysis
provides additional support to Nakazawa’s proposed catalytic cycle. 3
A closer look at the mechanism may advance this reactivity further, as the current
synthesis requires neat solutions hinting at a strong solvent dependence. As there is no
observable H2 loss in this system (indicative of FpH recombination), the capability of
FpPPh2 and FpH to form was tested. In a reaction of 1 with PPh2H neat, as well as in C6D6,
results in formation of (PPh2)2 and H2 as observed in 1H and 31P NMR spectra. This result
demonstrates that the formation of FpH does not appear to be dependent on solvent. There
are a handful of ways to generate the proposed intermediate A from FpPPh2, including a
1,2 insertion of the alkyne into the Fe—P bond, but this route requires pre-coordination of
the alkyne onto the metal. It is possible that Cp ring slips to free a coordination site on the
metal, making pre-coordination possible. Alternatively, PPh2 may simply act as a
nucleophile, attacking the alkyne which then can either coordinate to the Fe or pick up a
proton from a second equivalent of PPh2H. The base catalyzed formation of 1,1diphosphines has been reported by Webster, making deprotonation a likely candidate,
however the divergence in selectivity from Webster’s 1,1-diphosphines and our 1,2diphosphines hints it might not be.28
Perhaps more interesting is the mechanism from A to FpPPh2. As stated previously,
this could be achieved through the deprotonation of a second equivalent of HPPh2 from the
carbanion found in A, which could then have the vacant site filled by the generated PPh2
23

anion. One could also envision the ring-slip of Cp, coordination of a second equivalent of
PPh2H, followed by the reductive elimination of product alkene. Alternatively, it is possible
that FpH is long lived enough to recombine with A, resulting in the reformation of 1. This
last route explains the strong dependence on concentration- there would need to be a fairly
large amount of FpH present to effectively interact with A, but not so much that FpH is
finding itself more frequently. Thus, by accelerating the formation of FpPPh2 and
formation of A through high concentrations, FpH has an opportunity to find A in solution.
This also explains the lack of formation of observable H2 in J-young experiments, despite
the fairly large amount proposed to be formed.
Interestingly, there exists a large difference in the yield between 2-ethynyl-pyridine
and 3-ethynyl-pyridine, with 2-ethynyl-pyridine being formed in 20% higher yield in the
same amount of time. The most likely reason for this is product inhibition, however, the
use of 1-dimethylamino-4-ethynyl-benzene does not reduce activity. It is possible that the
different electronic parameters resulting from the ortho verses meta substitution
significantly change the activation energy. This could be reasoned upon analysis of
intermediate B, as it is possible that donation from the 3-pyridine species strengthens the
Fe—C bond formed in a way which is not achieved in the 2-pyiridine species.
2.4 Reactivity of 1 with nitrogen and arsenic
The success of 1 towards hydrophosphination encouraged us to examine 1 as a
hydroarsination and hydroamination catalyst. Nitrogen containing compounds are
ubiquitous, and can be found as ligands in organometallic processes to applications in
pharmaceuticals and fertilizers.29-30 Surprising, though, is the synthetic challenge in
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creating small amines. Many methods to create amines requires the use of precious metal
catalysts, or stoichiometric (even super-stoichiometric) amounts of other compounds to get
at the desired amine.31 It therefor is attractive to develop catalytic methods to prepare
tertiary and secondary amines.
The sell for hydroarsination is less straightforward. From a fundamental chemistry
standpoint, hydroarsination is widely understudied, and organoarsine compounds are not
as well documented or understood.32-34 The reason for this lies in the toxicological concerns
of arsines in general; arsine (AsH3) is named one of the highest risk arsenic compounds
which can be encountered in the workplace. However, there may be some benefits to using
arsenic-based ligands in organometallic catalysis. One proposed application is in gold
catalysis: there are very few ligand sets for gold compounds, and the softer nature of arsine
over phosphine may allow for designer ligand sets in gold chemistry. 35-36
Initially, 1 was tested as a dehydrocoupling catalyst, as the dehydrocoupling
products of diphenyl amine (tetraphenyl hydrazine) and diphenyl arsine (tetraphenyl
diarsine) are known compounds.32 The hypothesis stands that if 1 is unable to cleave the
Pn—H (Pn = N, As) bond, it is unlikely to be a successful hydroamination / hydroarsination
catalyst. An initial reaction of diphenyl arsine with 1 demonstrated the successful
conversion of Ph2AsH to (Ph2As)2 with liberation of an equivalent of H2, yet reactions
between 1 and Ph2NH did not yield product. Further, reactions between 1, Ph2NH, and
phenylacetylene yielded no product after 96 hours under the hydrophosphination
conditions established previously.
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After observing successful dehydrocoupling, a reaction of 0.020 mmol Ph2AsH,
0.010 mmol phenyl acetylene, and 5 mol % 1 in a neat solution was heated to 110 °C for
16 hours. The solution had solidified overnight and was extracted with DCM. Solvent was
removed and the crude mixture was analyzed by 1H NMR spectroscopy. Low conversion
to the vinylic arsine was observed, as well as other unknown resonances. The vinylic arsine,
which would result from a single hydroarsination, has been reported by Waterman.32 In our
previous hydrophosphination, 1 had demonstrated the stepwise addition first to a vinyl
species then to the double hydrophosphination product previously, so the formation of the
vinylic arsine is suspected. Studies on this system are ongoing, as optimization will be
required to increase yield.
2.5 Outlook
The utility of 1 as a competent hydrophosphination and hydroarsination catalyst
has been demonstrated, and it also has surprising activity both thermally and through
photoactivation. Compound 1 is, as of the date of publication, the fastest
hydrophosphination catalyst for secondary phosphines and terminal alkynes. Achieving
such activity with a base metal catalyst is great progress, as we are further reducing the
reliance on precious metal catalysts. However, there is always progress to be made.4
As experiments with ditolylphosphine demonstrated, substitution effects on
phosphorus wildly change activity. Studies varying substitution on phosphorus have not
been extensively done, but the use of 1 may serve as a good catalyst choice to study these
systems. Due to the different methods in which 1 can be activated, the behavior of the
phosphines under varied conditions can be studied. Additionally, with the wide scope of
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hydrophosphination catalysts used by the Waterman group, a comprehensive study on the
substitution effects of the phosphine can be studied with many olefins.5, 12-13, 37-41
The hydrophosphination of olefins including heteroatoms has also not been as
widely studied as organic olefins. There have been reports of hydrophosphination of
ketones by using phosphine borane adducts, but decomplexation of the hydrophosphination
product releases free BH3, which then reacts competitively with the ketones.42 Two efforts
were inspired by this work; one using phosphine borane adducts for hydrophosphination
with our established catalytic methods, and the other route to cap the ketone with a borane.
Polarization of the carbonyl should allow for more facile reactivity, as is more typical with
traditional Lewis acid activation of ketones.
Efforts began with the attempted hydrophosphination of benzophenone. A 1:1
mixture of Ph2PH and benzophenone were heated as a neat solution and showed only trace
formation of a new product as observed in the 31P NMR spectrum (δ = -14.94) with <1%
conversion after 24 hours. To polarize the olefin, a borane which could not competitively
hydroborylate was desired, and such a compound was found in BBu3.The neat reaction
between equimolar PPh2H, benzophenone, and BBu3 resulted in the same product
formation observed in the 31P NMR spectrum with conversion <1% after 48 hours. The
neat reaction of equimolar Ph2PH, benzophenone, and BBu3 with 5 mol % 1 results in new
products observed in the

31

P NMR spectrum after refluxing for 1 hour. Downfield

resonances at δ = 63.09 and δ = 60.05 (4.7% and 0.9% conversion, respectively) occur,
with other observable resonances at δ = 7.03 and δ = -14.94. After 48 hours, the one product
peak at δ = -14.94 grows to 2.7% and is the predominant product. However, extended
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reaction times do not result in additional product formation. Interestingly, switching
activation method from thermal to LED results in far faster product formation. After 24
hours, 80% consumption of Ph2PH is observed, with 47% conversion to one product at δ =
8.76, with no product peak matching the thermal activation mode. This study may prove to
be fruitful, but much more work is needed.
2.6 Conclusions
Commercially available iron complex 1 is an efficient catalyst for the double
hydrophosphination of terminal aryl alkynes with diphenylphosphine employing either
visible-light or thermal conditions. This represents the first reported double
hydrophosphination reaction promoted by visible-light and provides a complement to the
previous work by Nakazawa and Cui utilizing first-row transition metals to catalyze this
reactivity through thermal methods. Both sets of conditions (visible light or heat) gave
diphosphine products in excellent yields, were tolerant both electron-withdrawing and
donating substituents on the alkyne, and isolation of these products without oxidation is
shown to be simple. These conditions also appear suited to hydroarsination catalysis, which
is currently under study in the Waterman lab. 1 has not been shown to enhance the
dehydrocoupling of secondary phosphine boranes. Similar iron-based species can be
observed in each reaction, suggesting the catalyst initiation step likely involves the
activation of the P—H bond.
2.7 Experimental
2.7.1 General considerations
28

All manipulations were performed under an inert atmosphere of N2 using Schlenk
line or glovebox techniques using oxygen-free, anhydrous solvents. NMR spectra were
recorded using a Bruker AXR 500 MHz spectrometer and were referenced to residual
solvent impurities (δ = 7.16 for C6D6 and 7.26 for CDCl3) for 1H NMR experiments and to
an external reference of 85% H3PO4 in H2O for 31P NMR experiments (δ = 0). Ph2PH was
prepared by a modified literature procedure and was stored under an inert atmosphere of
N2 prior to use. All other reagents were obtained from commercial suppliers and dried by
conventional means as necessary. A commercially available GE LED Lamp A19 bulb with
an operating power of 13 W and output of 800 lumens was used for light catalyzed
procedures.
2.7.2 General procedure for visible-light double hydrophosphination reactions
A PTFE-sealed NMR tube was charged with [CpFe(CO)2]2 (10.0 mg, 0.028 mmol),
terminal alkyne (0.56 mmol), and Ph2PH (0.20 mL, 1.12 mmol) in a N2-filled glovebox.
The reaction was irradiated with visible light for 20 hours, after which 31P NMR revealed
a complete reaction for phenylacetylene and 4-tolylacetylene. In the case of all other
alkynes, the reaction was brought back into the glovebox and THF (1 mL) was added to
solubilize the reaction mixture, which was then further irradiated with visible light for 20–
36 hours to ensure a complete reaction as evidenced by 31P NMR spectroscopy.
2.7.3 General procedure for thermal double hydrophosphination reactions
A PTFE-sealed NMR tube was charged with [CpFe(CO)2]2 (10.0 mg, 0.028 mmol),
terminal alkyne (0.56 mmol), and Ph2PH (0.20 mL, 1.12 mmol) in a N2-filled glovebox.
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The reaction was heated to 110 °C for 1–16 hours, after which the reaction was allowed to
cool to ambient temperature and volatiles were removed under reduced pressure. The
reaction was then brought back into the glovebox and was worked up as described for each
individual substrate.
2.7.4 Double hydroarsination of phenyl acetylene with diphenylarsine
A PTFE-sealed J-young style NMR tube was charged with [CpFe(CO)2]2 (10.0 mg, 0.028
mmol) and Ph2AsH (XX mg, 1.12 mmol) in a N2-filled glovebox. The reaction was heated
to 110 °C for 48 hours, after which the reaction was allowed to cool to ambient temperature,
after which a solid product was observed. The solid was extracted with 2 mL CDCl 3 and
the crude reaction mixture was analyzed by 1H NMR spectroscopy.
2.8 Works Cited
1.

Rosenberg, L., ACS Catalysis 2013, 3 (12), 2845.

2.

Glueck, D. S., Dalton Trans. 2008, (39), 5276.

3.

Trifonov, A. A.; Basalov, I. V.; Kissel, A. A., Dalton Trans. 2016, 45 (48),

19172.
4.

Bange, C. A.; Waterman, R., Chem. Eur. J. 2016, 22 (36), 12598.

5.

Pagano, J. K.; Bange, C. A.; Farmiloe, S. E.; Waterman, R., Organometallics

2017, 36 (20), 3891.
6.

Gusarova, N. K.; Chernysheva, N. A.; Trofimov, B. A., Synthesis 2017, 49 (21),

4783.
7.

Basiouny, M. M. I.; Schmidt, J. A. R., Organometallics 2017.
30

8.

Gallagher, K. J.; Webster, R. L., Chem. Commun. 2014, 50 (81), 12109.

9.

Espinal-Viguri, M.; King, A. K.; Lowe, J. P.; Mahon, M. F.; Webster, R. L., ACS

Catalysis 2016, 6 (11), 7892.
10.

Gallagher, K. J.; Espinal-Viguri, M.; Mahon, M. F.; Webster, R. L., Adv. Synth.

Catal. 2016, 358 (15), 2460.
11.

Waterman, R., Dalton Trans. 2009, (1), 18.

12.

Ghebreab, M. B.; Bange, C. A.; Waterman, R., J. Am. Chem. Soc. 2014, 136 (26),

9240.
13.

Bange, C. A.; Waterman, R., ACS Catalysis 2016, 6 (10), 6413.

14.

Kamitani, M.; Itazaki, M.; Tamiya, C.; Nakazawa, H., J. Am. Chem. Soc. 2012,

134 (29), 11932.
15.

Itazaki, M.; Katsube, S.; Kamitani, M.; Nakazawa, H., Chem. Commun. 2016, 52

(15), 3163.
16.

Yuan, J.; Zhu, L.; Zhang, J.; Li, J.; Cui, C., Organometallics 2017, 36 (2), 455.

17.

Zhang, Y.; Qu, L.; Wang, Y.; Yuan, D.; Yao, Y.; Shen, Q., Inorg. Chem. 2018, 57

(1), 139.
18.

Di Giuseppe, A.; De Luca, R.; Castarlenas, R.; Perez-Torrente, J. J.; Crucianelli,

M.; Oro, L. A., Chem. Commun. 2016, 52 (32), 5554.
19.

Anastas, P. T.; Warner, J. C., Green Chemistry: Theory and Practice. Oxford

University Press: 1998.
20.

Bézier, D.; Venkanna, G. T.; Castro, L. C. M.; Zheng, J.; Roisnel, T.; Sortais, J.-

B.; Darcel, C., Adv. Synth. Catal. 2012, 354 (10), 1879.
31

21.

Bheeter, L. P.; Henrion, M.; Brelot, L.; Darcel, C.; Chetcuti, M. J.; Sortais, J.-B.;

Ritleng, V., Adv. Synth. Catal. 2012, 354 (14-15), 2619.
22.

Castro, L. C. M.; Sortais, J.-B.; Darcel, C., Chem. Commun. 2012, 48 (1), 151.

23.

Bitterwolf, T. E., Coord. Chem. Rev. 2000, 206–207, 419.

24.

Pagano, J. K. CYCLOPENTADIENYL COMPOUNDS OF THE FIRST ROW

TRANSITION METALS AND EARLY ACTINIDES: NOVEL MAIN-GROUP BOND
FORMING CATALYSIS AND NEW METALLACYCLES. University of Vermont,
University of Vermont, 2017.
25.

Pagano, J. K.; Ackley, B. J.; Waterman, R., Chem. Eur. J. 2018, 24 (11), 2554.

26.

Bullock, J. P.; Palazotto, M. C.; Mann, K. R., Inorg. Chem. 1991, 30 (6), 1284.

27.

Shackleton, T. A.; Mackie, S. C.; Fergusson, S. B.; Johnston, L. J.; Baird, M. C.,

Organometallics 1990, 9 (8), 2248.
28.

Coles, N. T.; Mahon, M. F.; Webster, R. L., Chem. Commun. 2018, 54 (74),

10443.
29.

Müller, T. E.; Hultzsch, K. C.; Yus, M.; Foubelo, F.; Tada, M., Chem. Rev. 2008,

108 (9), 3795.
30.

Huo, J.; He, G.; Chen, W.; Hu, X.; Deng, Q.; Chen, D., BMC Chemistry 2019, 13

(1), 89.
31.

Froidevaux, V.; Negrell, C.; Caillol, S.; Pascault, J.-P.; Boutevin, B., Chem. Rev.

2016, 116 (22), 14181.
32.

Roering, A. J.; Davidson, J. J.; MacMillan, S. N.; Tanski, J. M.; Waterman, R.,

Dalton Trans. 2008, (33), 4488.
32

33.

Elrod, L. T.; Boxwala, H.; Haq, H.; Zhao, A. W.; Waterman, R., Organometallics

2012, 31 (14), 5204.
34.

Bange, C. A.; Waterman, R., Polyhedron 2018.

35.

Wang, W.; Hammond, G. B.; Xu, B., J. Am. Chem. Soc. 2012, 134 (12), 5697.

36.

Wang, Y.; Wang, Z.; Li, Y.; Wu, G.; Cao, Z.; Zhang, L., Nature Communications

2014, 5 (1), 3470.
37.

Ackley, B. J.; Pagano, J. K.; Waterman, R., Chem. Commun. 2018, 54 (22), 2774.

38.

Bange, C. A.; Conger, M. A.; Novas, B. T.; Young, E. R.; Liptak, M. D.;

Waterman, R., ACS Catalysis 2018, 8 (7), 6230.
39.

Waterman, R., Acc. Chem. Res. 2019, 52 (8), 2361.

40.

Novas, B. T.; Bange, C. A.; Waterman, R., Eur. J. Inorg. Chem. 2019, 2019 (11-

12), 1640.
41.

Cibuzar, M. P.; Dannenberg, S. G.; Waterman, R., Isr. J. Chem. n/a (n/a).

42.

Bourumeau, K.; Gaumont, A.-C.; Denis, J.-M., J. Organomet. Chem. 1997, 529

(1), 205.

33

Chapter 3: Low Valent Phosphorus Sources For P—E bond formation
3.1 Introduction
In synthetic chemistry, a host of options are available to researchers when preparing
C-C, C-H, and C-N bonds, yet far fewer options are available when one wishes to form
bonds with heavier p-block elements. The study of E-C bond forming reactions thus
provides an area ripe for study, as the properties of many organic electronics can be tuned
through the use of heavy p-block elements.1-5 Incorporation of group 13 elements into
organic polymers has shown to lower LUMO levels due to p-π* interactions, while
pnictogen-C bonds can also lower LUMO levels through σ*-π* interactions.3 One area of
focus is the use of low-valent main group fragments, analogous to the now commonplace
carbene ( R2C: ), to achieve new activity. In this context, “low-valent” refers to an element
in a low oxidation state. For example, a phosphorus atom bound to one aryl group which
owns two lone pairs of electrons would be referred to as a “phosphinidene” and is low
valent. The earliest reported synthesis involving low valent main group compounds began
Schmidt’s observation in 1965 that phenyl phosphinidene, PhP:, can react with disulfides
(although low valent fragments had been observed spectroscopically as early as the
1900s).6 In this work, cyclic phosphorus rings were reacted with disulfides as a potential
method for detecting sulfur in solution. Included in this study was the cyclic pentaphenyl
pentaphosphine (PhP)5, which was demonstrated to extrude phenyl phosphinidene when
heated. A year later, Schmidt then reported the use of pentaphenyl pentaphosphine to
transfer a phosphinidene across 2,3-dimethyl-1,3-butadiene, to form the resultant 2,5dihydro-3,4-dimethyl-1-phenylphosphole.7
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Figure 3.1: Singlet carbene (far left) and phosphine (left) as compared to
triplet carbene (right) and phosphine (far right)

Like carbenes, phosphinidenes exist in different electronic environments, namely
in the singlet or triplet form (Figure 3.1). However, unlike carbon, phosphorus has an
unwillingness to involve the s orbital in orbital mixing towards hybridization, making the
character of the lone pair a much larger percentage s character.8 Additionally, triplet
phosphinidenes are the ground state, where the ground state for carbenes is a singlet. These
differences provide a compelling rational to study phosphinidenes; the differences in
orbital energies as a result of the character of their constituent orbitals will doubtlessly
result in differing reactivity than carbene analogs. In singlet phosphinidenes, electronic
behavior follows that traditionally observed in phosphines; donation from the filled orbital
can behave as a σ-donor and the vacant orbital behaves as a π-acceptor. Triplet phosphines
engage in different types of reactions, behavior which has observed in the organic
Woodward-Hoffman rules. However, while the differences in reactivity can be explained
and observed, the factors which influence the formation of singlet over triplet are more
challenging.
The discovery of phosphinidene delivery agents opened the door for using low
valent sources of phosphorus as a method to form organophosphines, which historically
requires the generation of stoichiometric waste through salt metathesis reactions.9-12
Industrially, the formation of phosphines requires the use of salt metathesis reactions, as
alternative methods are ripe with their own issues. Schmidt’s phosphole generation suffers
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Figure 3.2: Landmark phosphinidene progress by Matey, 1982 (left); Lammertsma, 2005 (center);
Cummins, 2012 (right)

from low product conversion, while industrial phosphole generation through Fagan-Nugent
couplings are more reliable.7,

9-12

3-p and heavier main group elements have seen

significant advances in low valent reactivity, with advances having been made in
stoichiometric reactions, use of the low valent compounds as ligands, or as nonmetal
catalysts.13-18 Almost universally, heavy main group compounds have exhibited useful
electronic properties, with the properties tunable both through the main group element that
is used as well as the supporting framework around the element.3
Since 1966, many breakthroughs have been realized in the field of low valent
phosphorus transfer (Figure 3.2). In 1982, Matey discovered that by forming a metalstabilized 7-phosphanorbornadiene, with W(CO)5 being the metal of choice, one could
achieve phosphinidene transfer to an organic substrate (while retaining W(CO)5 moiety).1921

In 2005, this discovery was improved upon by Lammertsma, who developed a 3H-

benzophosphepine system, which transfers phosphinidene under more mild conditions.2223

Shortly after, Cummins demonstrated the transfer of phosphinidene from a bridged-

anthracene complex, where transfer occurs without the need for a metal-stabilized
phosphine.24-25 In all examples, the enthalpic driving force of the reaction is a return to
aromaticity of the phosphinidene delivering agent, which allows for the functionalization
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of traditionally challenging substrates.20 However, this makes the atom economy of each
reaction fairly low, with large carbonaceous or metallic contaminants in the final product.

Figure 3.3: Waterman 2018 proposed catalytic phosphinidene transfer

In 2018, Waterman demonstrated the first catalytic phosphinidene transfer from the
half-sandwich iron complex CpFe(CO)2Me (FpMe) using phenyl phosphine as the
phosphorus source (Figure 3.3).26 In this report, it is suspected that phenyl phosphine
undergoes an α-elimination mechanism to extrude phenyl phosphinidene, which can then
be trapped by either disulfides, by 2,3-dimethyl-1,3-butadiene to catalytically form 2,5dihydro-3,4-dimethyl-1-phenylphosphole, or by internal alkynes to form the pentasubstituted phospholes. Unlike earlier reports which hinged on the stoichiometric use of
rearomatizing to drive reactivity, the release of H2 gas entropically drives this system. In
2019, Cummins expanded on this work by demonstrating the use of iron, and ion effect in
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the use of a fluoride ion, in conjunction with the bridged-anthracene precursor and
expanded the substrate scope to include styrene, forming phosphiranes. 27

3.2 Disulfide and 2,3-dimethyl-1,3-butadiene trapping experiments
In the 2018 report by Waterman, it was hypothesized that phosphinidene transfer
could occur from trace amounts of (PPh)5, similar to the phosphinidene trapping observed
by Schmidt. As FpMe was determined to be potent at dehydrocoupling, it is not
unreasonable to suspect that small quantities of (PPh)5 could be generated in situ. The
generated (PPh)5 could then release an equivalent of phosphinidene which could then be

Figure 3.4: Crude 31P NMR spectrum of the reaction of (tBuP)4 with (PhS)2. PhSPtBuSPh δ = 131.87;
(PtBu)4 δ = -57.61. All other compounds unknown.
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transferred by FpMe. During investigation with FpMe, it turns out that phosphinidene
transfer from (PPh)5 systems is not catalytically active, but it alerted us to a ripe field of
chemistry untouched for some 50 years.
Since Schmidt’s seminal reactions involving (PPh) 5, a host of other low valent
phosphine rings have been characterized, including (PMe) 5, (P[p-Tol])5, and (PtBu)4
(collectively referred to as (PR)n). However, since this discovery, no attempts have been
made to replicate Schmidt’s work with these differently substituted rings. This could prove
a convenient way to construct differently substituted phospholes while avoiding the salt
waste involved in Fagan-Nugent coupling. Reminiscent of Schmidt’s original work, we
began our studies using diphenyl disulfide as a trap for (PR)n.
In the average reaction, (PR)n was reacted with 1 equivalent (w.r.t. PR) diphenyl
disulfide (Table 3.1). In the case of (PMe)5, complete conversion to PhSPMeSPh was
observed within minutes at ambient conditions in THF. When R = p-Tol or iPr, conversion
occurs within minutes, but in the case of R = tBu conversion halts after 48 hours.
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Figure 3.5: Crude 31P NMR spectra from reaction of (PCl)6 with (PhS)2 after 1 hour (bottom) and 72
hours (top). P4 δ = -521.89; (PCl)6 δ = 194 (not pictured).

Interestingly, in the case of (tBuP)4, the insertion product (δ = 131.87, 14%) is not the main
product in the conversion, with two side products formed at δ = 183.48 (24%) and δ =
62.85 (22%) (Figure 3.4). Empirically, tert-butyl phosphine and tert-butyl phosphinidene
have been more challenging to handle, so this result is not terribly surprising. R = Cl was
less successful. Immediately after mixing, the formation of small amounts of P4 is
observed, as well as the slow formation of other, unknown products (Figure 3.5).
Subsequent heating consumes the P4, but to no known product. Additionally, it cannot be
said with any certainty that the products formed in this reaction were a result of the (PCl)6
or P4.
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Initially, a variety of organic substituents were screened, including 2,3-dimethyl1,3-butadiene (Schmidt’s original organic trap for a 2,5-dihydrophosphole), diphenyl
acetylene (demonstrated to undergo a [2+2+1] cycloaddition to form 1,2,3,4,5pentaphenylphosphole),26 and 3-hexene. Olefins were considered for study as
phosphinidene can also form phospholanes, not only phosphole derivatives. Under thermal
conditions, no rings were found to react in any appreciable yield with diphenyl acetylene,
consistent with our previous results that (PPh)5 was not the source of phosphinidene
transfer with CpFe(CO)2Me.26 Additionally, no reactivity was observed with 3-hexene,
although solubility was limiting as no solvent tested could both solubilize the (PR)n ring
while being miscible with 3-hexene. In the neat reactions of 3-hexene with (PR)n, no
phosphorus is detectable in 31P NMR spectra due to the very limited solubility.
All tested rings show activity towards 2,3-dimethyl-1,3-butadiene to afford Psubstituted dihydrophospholes. In the reaction of five equivalents of 2,3-dimethyl-1,3butadiene with (PR)n (1:1 w.r.t. PR fragment) in THF at 253 nm, the desired
dihydrophosphole is formed (Table 3.2). When the same quantities are employed in the
thermal reaction, no activity is observed. These observations mirror those made by Shmidt
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and can be reasoned out when one remembers the difference in singlet phosphinidene as
compared to triplet phosphinidene. Much like Schmidt noticed, the use of (PPh)5 does form
the dihydrophosphole, but in poor yields. When R = Me, 67 % conversion to the desired
dihydrophosphole is formed with 87 % conversion from the parent ring. Surprisingly, the
formation of methylphosphine is also observed. When R = iPr, 96 % conversion to the
suspected dihydrophosphole is formed, although this is a crude result pending more
rigorous product characterization (31P NMR, δ = -17.3), with observable formation of a
byproduct (<1 %, 31P NMR spectra, δ = 50.2), and when R = tBu, 95 % conversion from
rings are observed with 62 % conversion to the dihydrophosphole. The observed reactivity
could be due to the excitation and cleavage of the P-P bond. The UV promoted cleavage
of S-S bonds is known, and the bond energies of P-P bonds and S-S bonds are fairly similar,
making the potential photoexcitation of P-P bonds possible.28-30
Although not explicitly stated by Schmidt, it has become known in the literature
that disulfides are active at trapping triplet phosphinidenes, while organic traps are more
suited towards singlet phosphinidenes.26 This observation is explained by simple
Woodward-Hoffman / Dewar-Zimmerman rules- thermally forbidden cycloadditions
become allowed upon irradiation. It appears to be the case that the addition of triplet
phosphinidene across a single unsaturated bond is symmetry forbidden, and following
irradiation, the triplet phosphinidene’s electrons are paired, turning on the now symmetry
allowed cycloaddition. Understanding the singlet / triplet gap in phosphinidenes will likely
lead to more fruitful progress. Interestingly, this reaction seems much more attainable when
using alkyl phosphines, which may speak to the electronic influence of the aryl group.
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3.3 Activity with strained cyclic diynes
A conversation with Whalley group member Adam
Dyer

brought

to

my

attention

5,6,11,12-

tetradehydrodibenzo[a,e]cyclooctene (Ph2COD) shown in Figure 3.6- Ph2COD
Figure 3.6. In light of the successful trapping seen with
diphenyl acetylene in previous work,26 this substrate seemed a valuable target for study.
One can envision a series of products from these reactions, each with potential material
utility (Figure 3.7). The first, and most simple, product that could form is the phosphirene
compound, which forms as the product of a [2+1] cycloaddition with one of the strained
alkynes (Figure 3.7, top). Phosphirenes are an interesting class of compound and are
commonly synthesized as a method to transfer phosphinidene fragments as seen by
Lammertsma and Cummins. However, they can also be employed as powerful dienophiles,

Figure 3.7: Possible reaction pathways of Ph2COD with (PMe)5
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potentially used in polymerization catalysis, and can be ring-expanded in a [2+3]
cycloaddition to yield phospholes.
The second envisioned pathway of Ph2COD with phosphinidene also affords a
phosphole product, with the debate being if the phosphole forms in one concerted [1+2+2]
step as suspected in Waterman’s work,26 or in stepwise fashion, first forming the
phosphirene then the phosphole (Figure 3.7, middle). Further reactivity in the system is
possible and includes the insertion of a second phosphinidene fragment into the phosphole.
This 1,2-diphosphinine product is suspected to form from an insertion into the P—C bond
of the phosphole.26 The formation of the 1,2-diphosphinine is unlikely due to a steric
argument, but is something to monitor as the reactivity progresses.
A third possible, but rather unlikely, pathway for reactivity is deceptively simpleif the (PR)n ring is able to insert in an intramolecular fashion, then a cyclobutadiene ring
would form as the result of the stable phosphole formation (Figure 3.7, bottom).
Cyclobutadiene formation is hard, due to the formal antiaromatic nature of the moiety, and
if the activity from Waterman’s previous work is followed, this could demonstrate an
elegant way to form cyclobutadiene. Enthalpically, this may not be entirely unrealistic. The
formation of the phosphole would reduce molecular strain from the two non-linear alkynes,
and it does form a stable phosphole. Additionally, the pendant aromatic rings would remain
unperturbed, so it is debatable how much electron density would be present in the
cyclobutadiene ring from the beginning.
With this target in mind, we began studies using (PMe) 5 as it provided the cleanest
product formation with the disulfide traps and has the smallest steric profile of the
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phosphine rings. In a reaction of 5 equivalents of Ph2COD with (PMe)5 (1:1 alkyne w.r.t.
:PMe) in THF, no activity is observed in 31P NMR spectra at ambient temperature. Upon
heating to reflux (ca. 65 °C), the initially yellow solution slowly turns a deep red color, and
the formation of a singlet at δ = -198 ppm in 31P NMR is observed within hours. Over 16
hours, quantitative conversion to this sole product (Ph2COD-Me) is observed, although a
precipitate is also observed. Similar activity is observed with (PPh)5, although occurs over
~40 hours. The observed chemical shift is common among phosphirenes, although pending
further characterization, no further conclusion can be made.
It was initially suspected that the product formed was that of a phosphirene through
a [2+1] cycloaddition. As mentioned previously, phosphirenes can be utilized as
dienophiles. To probe this activity, Ph2COD-Me was reacted with an equimolar amount
of 2,3-dimethyl-1,3-butadiene at ambient temperature in THF, resulting in the immediate
precipitation of an insoluble white powder. It is unlikely that the precipitate is 1-methyldihydrophosphole, as that compound is known to be soluble in THF, though insolubility
has hindered further characterization. Ph2COD-Me has other interesting avenues of
activity to be explored; phosphirenes can be radically or anionically initiated to form 1,4diphosphinenes, linking two units of Ph2COD with the incorporation of two phosphorus
atoms. However, the synthesis of Ph2COD proves to be challenging, and reactions which
form sufficient quantities of Ph2COD-Me have yet to be performed.
3.4 Synthesis of primary phosphines from (PR)x
Primary phosphines find use in many fields of chemistry, as their synthetic utility
allows them to act as a building block for a host of different end products. P—H bonds are
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Figure 3.8: General synthetic routes to primary phosphines

easily functionalized, and careful control of reaction conditions allows for the asymmetric
functionalization of the two P—H bonds. Despite their utility, and commercial availability,
primary phosphines are difficult and dangerous to prepare, with a range of synthetic routes
currently known shown in Figure 3.8. A typical synthetic route, starting with the
commodity chemical PCl3, involves a protection of two positions with diethyl amine,
forming (NEt2)2PCl, followed by a substitution with a Grignard or other transmetalating
reagent. After the installation of the R group, the resulting (NEt2)2PR is chlorinated
yielding PRCl2, which is then reduced with one equivalent of lithium aluminum hydride
(LAH) per chloride. It should be noted that depending on the nature of R, the protection
may not be necessary. While this is a chemically straightforward synthesis, the use of large
quantities of LAH discourages American-based companies from synthesizing primary
phosphines, and as a result, they are imported. Additionally, the purification of primary
phosphine away from organic solvents has proven to be a challenge. As such, it would be
desirable to have a synthetic route to primary phosphines which avoided the use of
pyrophoric reducing agents and allowed for more facile purification.
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Figure 3.9: Hydrogenation of phosphines rings affording primary phosphines

In 2010, Stephan reported the use of stoichiometric transfer of PPh from (PPh) 5 to
tris(pentafluorophenyl)borane (BCF), and following successful transfer, the insertion of
the phosphorus fragment into a Si—H bond and the hydrogenation of the phosphorus under
4 atm H2.31 This report provided a hypothesis that the use of phosphine rings in the presence
of excess borane-THF may result in the formation of phosphine borane adducts through
the insertion of a phosphorus fragment into a B-H bond. While this route ultimately did not
afford polyphosphine-boranes, we attempted to expand on Stephan’s work to produce free
phosphine. In a reaction of BCF with (PPh)5 (1 mol % w.r.t. PPh) under 2 atm of H2 in
THF at reflux (ca. 65 °C), full consumption of (PPh)5 is observed, with 99% conversion to
PPhH2 and 1% conversion to the PPhH2-BCF adduct as seen in

31

P NMR spectra. The

terminal product of PhPH2-BCF is expected as the Lewis adduct is a stable molecule. This
reaction has been demonstrated to work to varying success with phenyl, tolyl, tert-butyl,
iso-propyl, and methyl substituents on phosphorus, as seen in Figure 3.9.
Early insights in the mechanism of this reaction suggest that one equivalent of PPh
is removed from the 5-membered ring by the borane resulting in the formation of a boronphosphinidene adduct. In a reaction of five equivalents B(C6F5)3 with (PPh)5 in THF at
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ambient temperature, full conversion to one product in the 31P NMR spectrum is observed
at δ = 17.22 (m, J = 7.79 Hz, consistent with 1-bond to boron) over 24 hours. This adduct
reacts with hydrogen in a yet undiscovered pathway to afford the primary phosphine
borane. The activation of H2 has been achieved in Lewis adduct systems consisting of
boranes and phosphines, although these systems are comprised of frustrated Lewis pairs. 3233

We suspect the system is catalytic due to the increased nucleophilicity of the

phosphinidene over the primary phosphine, freeing the phenyl phosphine from the borane
in a displacement style reaction. The high concentration of hydrogen gas prevents
dehydrocoupling of the newly formed primary phosphine from occurring, as Le Chatelier’s
principle states that the equilibrium will be unlikely to produce more H2. The pathway of
this reactivity is difficult to study, as the low concentration of intermediates in solution are
difficult to observe with NMR spectroscopy, especially when the coordination to the
quadripolar borane nuclei are taken into account, broadening signal intensity in 1H and 31P
NMR spectra.
3.5 Reactivity of (PCl)6
In the synthesis of organophosphines, virtually every synthetic route begins with
PCl3, as it is arguably the most common phosphine starting material. From phosphorus
trichloride, different routes can occur, but one common strategy is to form a protected
phosphine, react the phosphine with a Grignard or other transmetallating agent, then
remove the protecting group, usually with an acid chloride, followed by reduction of the
chlorophosphine with a hydride agent, such as LAH. This strategy is wasteful as each step
requires purification and generates stochiometric salt waste. As such, one reagent of
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particular interest to us is (PCl)6, which has been described by Fehér, and is formed in the
reduction of PCl3 with Zn.34 After the formation of (PCl)6, which does evolve stochiometric
salt waste, a host of reactivity can be envisioned such as the direct substitution of organic
groups onto the parent ring forming novel (PR)n rings through Grignard type reactions.
Alternatively, one could react the (PCl)6 rings with disulphides or organic reagents forming
the clorophosphine, which could then either be reduced or substituted through methods that
have been very well documented in literature. In either case, utilizing the (PCl)6 rings could
avoid costly and wasteful steps.
The initial direction we took was to examine if the (PCl)6 rings could be directly
substituted using transmetallating agents. We chose (PPh)5 as the initial product of choice
due to the widely understood dynamics of the (PPh)5 system. While (PPh)5 is the main
product of the reduction of PhPCl2, other ring sizes are known for PPh. In a direct
substitution of the (PCl)6 ring one would expect the formation of (PPh)6, which is a known
compound. In the reaction of (PCl)6 with PhLi in THF, a myriad of products was formed,
but one of interest was PPh3. The oxidation of the phosphine from a reducing agent was
not anticipated and begs the question as to what the reduction product was. Upon further
investigation, it was discovered that P4 was being formed through this reaction,
demonstrating overreduction when using lithiated reagents. When using both diphenyl zinc
and PhMgBr, P4 was once again formed. Before turning to softer transmetallating agents
such as thallium and mercury, it was decided to see if (PCl)6 could transfer PCl to trapping
agents (see Table 3.1). Unfortunately, the reaction of (PCl)6 with (PhS)2 did not afford the
known compound PhSPClSPh, and more work is needed in this system.
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3.6 Conclusions
In conclusion, the use of low valent phosphorus rings was used as a phosphinidene
source for the transfer towards disulfides and the formation of dihydrophospholes.
Additionally, transfer to strained organic frameworks shows potential as a route to access
phosphirenes. The phosphine rings also show activity towards Lewis acidic centers, which
could then be hydrogenated to afford free phosphine. The use of phosphine rings in the
generation of polyphosphine-boranes does not appear to be a fruitful route.
3.7 Experimental
3.7.1 General consideration
All manipulations were performed under an inert atmosphere of N2 using Schlenk line or
glovebox techniques using oxygen-free, anhydrous solvents. NMR spectra were recorded
using a Bruker AXR 500 MHz spectrometer and were referenced to residual solvent
impurities (δ = 7.16 for C6D6 and 7.26 for CDCl3) for 1H NMR experiments and to an
external reference of 85% H3PO4 in H2O for
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P NMR experiments (δ = 0). All other

reagents were obtained from commercial suppliers and dried by conventional means as
necessary. Ph2COD was synthesized by members of the Whalley group and stored under
inert atmosphere and in a cool, dark place to avoid thermal and photochemical degradation.
3.7.2 General reaction for the formation of (PR)n rings
A 20-mL scintillation vial was charged with a magnetic stir bar and 0.500 mmol of parent
dichlorophosphine. 10 mL of THF was slowly added to the stirring vial. Caution:
depending on the nature of the dichlorophosphine, this dissolution may be exothermic. To
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the stirring solution, 0.500 mmol of Zn(0) powder was added over 10 minutes and allowed
to stir at ambient temperature for 16 hours. After this time, volatiles are removed and the
cyclic phosphine is extracted using 6 x 5 mL increments of diethyl ether. The phosphine
rings are generally poorly soluble, causing larger amounts of diethyl ether to be required
in the extraction. 31P NMR spectra match literature values.
3.7.3 Reaction of (PPh)5 with diphenyl disulfide
A PTFE sealed J-young style NMR tube was charged with 0.039 mmol of (PPh)5, 0.195
mmol of (PhS)2, and filled to a volume of 0.5 mL with THF. The reaction was heated to 66
°C for 1 hour in which complete conversion to PhSPPhSPH is observed in the 31P NMR
spectrum. Product matches literature reports.6
3.7.4 Reaction of (Ptol)5 with diphenyl disulfide
A PTFE sealed J-young style NMR tube was charged with 0.039 mmol of (PPh)5, 0.195
mmol of (PhS)2, and filled to a volume of 0.5 mL with THF. The reaction occurred
spontaneously, with complete conversion to a single product observed after < 10 minutes.
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P NMR: δ = 90.69 (s)

3.7.5 Reaction of (PMe)5 with diphenyl disulfide
A PTFE sealed J-young style NMR tube was charged with 0.039 mmol of (PMe) 5, 0.195
mmol of (PhS)2, and filled to a volume of 0.5 mL with THF. The reaction occurred
spontaneously, with complete conversion to PhSPMeSPh observed in
after < 10 minutes. Product spectra match literature values. 35
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31

P NMR spectra

3.7.6 Reaction of (PiPr)5 with diphenyl disulfide
A PTFE sealed J-young style NMR tube was charged with 0.039 mmol of (PiPr)5, 0.195
mmol of (PhS)2, and filled to a volume of 0.5 mL with THF. The reaction was heated to 66
°C for 4 hours, after which complete conversion to a single product was observed in
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P

NMR spectra. 31P NMR δ = 117.15 (m consistent with 2 sulfur nuclei, J = 7.6 Hz)
3.7.7 Reaction of (PtBu)4 with diphenyl disulfide
A PTFE sealed J-young style NMR tube was charged with 0.0488 mmol of (PtBu)4, 0.195
mmol of (PhS)2, and filled to a volume of 0.5 mL with THF. The reaction was heated to 66
°C for 48 hours, after which 24 % conversion to PhSP tBuSPh was observed. 78%
consumption of (PtBu)5 was observed, although no other known products were formed in
this reaction. See Figure L for crude spectrum.
3.7.8 Reaction of (PCl)6 with diphenyl disulfide
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A PTFE sealed J-young style NMR tube was charged with 0.025 mmol of (PCl) 6, 0.150
mmol of (PhS)2, and filled to a volume of 0.5 mL with THF. Reactivity occurred
spontaneously, yet with no known products observed in
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P NMR spectra. Heating to 66

°C shows conversion to other, yet still unknown products.

Figure 3.10: Crude 31P NMR spectrum of the reaction between (PCl)6 and (PhS)2 after 72 hours

3.7.9 Reaction of (PMe)5 with 2,3-dimethyl-1,3-butadiene
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A PTFE sealed J-young style NMR tube was charged with 0.087 mmol of (PMe)5, 0.435
mmol of 2,3-dimethyl-1,3-butadiene and filled to a volume of 0.5 mL with THF. The
reaction was irradiated with 253 nm light for 24 hours, after which complete conversion to
dihydrophosphole was observed in

31

P NMR spectra. Product spectra match literature

values.

Figure 3.11: Crude 31P NMR in the reaction of (PMe)5 with 2,3-dimethyl-1,3-butadiene. 1-methyl-2,5dihydrophosphole δ = -43.62; (PMe)5 δ = 16.68; MePH2 δ = -163.19; all others unknown

3.7.10 Reaction of (PiPr)5 with 2,3-dimethyl-1,3-butadiene
A PTFE sealed J-young style NMR tube was charged with 0.087 mmol of (PiBu)5, 0.435
mmol of 2,3-dimethyl-1,3-butadiene and filled to a volume of 0.5 mL with THF. The
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Figure 3.12: Crude 31P NMR spectrum of the reaction of (PiPr)5 with 2,3-dimethyl-1,3-butadiene

reaction was irradiated with 253 nm light for 4 hours, after which 96 % conversion to one
product was observed in 31P NMR spectra. 31P NMR δ = -17.30 (s)

3.7.11 Reaction of (PtBu)4 with 2,3-dimethyl-1,3-butadiene
A PTFE sealed J-young style NMR tube was charged with 0.087 mmol of (PtBu)4, 0.435
mmol of 2,3-dimethyl-1,3-butadiene and filled to a volume of 0.5 mL with THF. The
reaction was irradiated with 253 nm light for 48 hours, after which 62 % conversion to 1tert-butyl-2,5-dihydrophosphole is observed. Spectra match literature values. 36
3.7.12 Reaction of (PMe)5 with Ph2COD
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A PTFE-sealed J-young style NMR tube was charged with 0.020 mmol Ph2COD and 0.004
mmol (PMe)5 and filled to a final volume of 0.5 mL with THF. No activity was observed

Figure 3.13: 31P NMR spectrum of the reaction of (PMe)5 with Ph2COD

at ambient temperature over 24 hours. Heating the reaction to 66 °C for 16 hours resulted
in the complete consumption of (PMe)5 as observed in 31P NMR spectra, and conversion
to a single peak (31P NMR δ = -198.23 (s)).

3.7.13 General stoichiometric hydrogenation of (PR)x
A solution of phosphine (0.057 mmol) was dissolved into 0.50 mL of THF. This solution
was then charged with 0.057 mmol B(C6F5)3 and transferred to a PTFE sealed J-young
style NMR tube. The tube was subjected to two freeze-pump-thaw cycles to remove
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dissolved N2. The tube was then charged with hydrogen while maintaining a temperature
of -195.8 °C through the use of liquid nitrogen, resulting in a final pressure of
approximately 2 atm H2. The solution was warmed to ambient temperature then refluxed
at ca. 67 °C. Product conversion was monitored through 31P NMR until conversion ceased.
3.7.14 General catalytic hydrogenation of (PR)x
A solution of phosphine (0.057 mmol) was dissolved into 0.50 mL of THF. This solution
was then charged with 0.0028 mmol B(C6F5)3 and transferred to a PTFE sealed J-young
style NMR tube. The tube was subjected to two freeze-pump-thaw cycles to remove
dissolved N2. The tube was then charged with hydrogen while maintaining a temperature
of -195.8 °C through the use of liquid nitrogen, resulting in a final pressure of
approximately 2 atm H2. The solution was warmed to ambient temperature then refluxed
at ca. 67 °C. Product conversion was monitored through 31P NMR until conversion ceased.

57

3.8 Works Cited
1.

He, G.; Shynkaruk, O.; Lui, M. W.; Rivard, E., Chem. Rev. 2014, 114 (16), 7815.

2.

Parke, S. M.; Boone, M. P.; Rivard, E., Chem. Commun. 2016, 52 (61), 9485.

3.

Vidal, F.; Jäkle, F., Angew. Chem., Int. Ed. 2019, 58 (18), 5846.

4.

Bates, J. I.; Dugal-Tessier, J.; Gates, D. P., Dalton Trans. 2010, 39 (13), 3151.

5.

Priegert, A. M.; Rawe, B. W.; Serin, S. C.; Gates, D. P., Chem. Soc. Rev. 2016, 45

(4), 922.
6.

Schmidt, U.; Osterroht, C., Angew. Chem. 1965, 77 (10), 455.

7.

Schmidt, U.; Boie, I., Angew. Chem. Int. Ed. 1966, 5, 1038.

8.

Corbridge, D. E. C., Phosphorus: Chemistry, Biochemistry and Technology, Sixth

Edition. CRC Press: 2016.
9.

Fagan, P. J.; Nugent, W. A., J. Am. Chem. Soc. 1988, 110 (7), 2310.

10.

Fagan, P. J.; Nugent, W. A., Org. Syn. 1992, 70.

11.

Fagan, P. J.; Nugent, W. A.; Calabrese, J. C., J. Am. Chem. Soc. 1994, 116 (5),

1880.
12.

Yan, X.; Xi, C., Acc. Chem. Res. 2015, 48 (4), 935.

13.

Bai, Y.; Chen, W.; Li, J.; Cui, C., Coord. Chem. Rev. 2019, 383, 132.

14.

Weetman, C.; Inoue, S., ChemCatChem 2018, 10 (19), 4213.

15.

Power, P. P., Nature 2010, 463 (7278), 171.

16.

Fischer, R. C.; Power, P. P., Chem. Rev. 2010, 110 (7), 3877.

17.

Power, P. P., Nature Chem. 2012, 4, 343.

18.

Caputo, C. A.; Power, P. P., Organometallics 2013, 32 (8), 2278.
58

19.

Lauzon, G. d.; Charrier, C.; Bonnard, H.; Mathey, F., Tet. Lett. 1982, 23 (5), 511.

20.

Mathey, F., Chem. Rev. 1988, 88 (2), 429.

21.

Mathey, F., Product Class 14: Phospholes. In Category 2, Hetarenes and Related

Ring Systems, 2001 ed.; Maas, G., Ed. Georg Thieme Verlag: Stuttgart, 2001; Vol.
Volume 9.
22.

Borst, M. L. G.; Bulo, R. E.; Gibney, D. J.; Alem, Y.; de Kanter, F. J. J.; Ehlers,

A. W.; Schakel, M.; Lutz, M.; Spek, A. L.; Lammertsma, K., J. Am. Chem. Soc. 2005,
127 (48), 16985.
23.

Bertini, F.; Wit, J. B. M.; Ünal, M.; de Kanter, F. J. J.; Schakel, M.; Slootweg, J.

C.; Ehlers, A. W.; Nijbacker, T.; Komen, C. M. D.; Lutz, M.; Spek, A. L.; Lammertsma,
K., Adv. Syn. Cat. 2009, 351, 1132.
24.

Velian, A.; Cummins, C. C., J. Am. Chem. Soc. 2012, 134 (34), 13978.

25.

Transue, W. J.; Velian, A.; Nava, M.; García-Iriepa, C.; Temprado, M.; Cummins,

C. C., J. Am. Chem. Soc. 2017, 139 (31), 10822.
26.

Pagano, J. K.; Ackley, B. J.; Waterman, R., Chem. Eur. J. 2018, 24 (11), 2554.

27.

Geeson, M. B.; Transue, W. J.; Cummins, C. C., J. Am. Chem. Soc. 2019.

28.

Wongkongkathep, P.; Li, H.; Zhang, X.; Ogorzalek Loo, R. R.; Julian, R. R.; Loo,

J. A., Int. J. Mass Spectrom. 2015, 390, 137.
29.

Nguyen, M. T.; Van Keer, A.; Vanquickenborne, L. G., J. Org. Chem. 1996, 61

(20), 7077.
30.

Luo, Y. R., Bond Disociation Energies. In CRC Handbook of Chemistry and

Physics, 89th ed, Lide, D. R., Ed. CRC Press/Taylor and Francis: Boca Raton, FL, 2009.
59

31.

Geier, S. J.; Stephan, D. W., Chem. Commun. 2010, 46 (7), 1026.

32.

McCahill, J. S. J.; Welch, G. C.; Stephan, D. W., Angew. Chem., Int. Ed. 2007, 46

(26), 4968.
33.

Hounjet, L. J.; Stephan, D. W., Org. Process Res. Dev. 2014, 18 (3), 385.

34.

Baudler, M.; Grenz, D.; Arndt, U.; Budzikiewicz, H.; Fehér, M., Chem. Ber.

1988, 121 (10), 1707.
35.

Jansen, H.; Läng, F. B.; Slootweg, J. C.; Ehlers, A. W.; Lutz, M.; Lammertsma,

K.; Grützmacher, H., Angew. Chem., Int. Ed. 2010, 49 (32), 5485.
36.

Mathey, F., Tetrahedron 1972, 28 (15), 4171.

60

Chapter 4: Ceramic Precursors
4.1 Introduction
There has been a growing interest in the polymerization of non-carbon based
materials, exemplified by the study of siloxanes [R2SiO]n, polyphosphazenes [R2PN]n,
polysilanes

[R2Si]n,

polyamine-boranes

[R2NBR2]n,

and

polyphosphine-boranes

[R2PBR2]n.1-5 Each of these polymers has attracted attention for vastly different reasons,
ranging from uses in electronics, as additives to provide structural integrity, as rubbers,
plastics, etc. Amine-boranes have attracted attention for applications ranging from
hydrogen storage materials to use as pre-ceramic polymers.1 Additionally the fully
dehydrogenated form of amine boranes, borazine and polyborazylene, are isoelectronic
with benzene and graphene, respectively, yet demonstrate significantly different thermal
and electronic properties.1, 6 A related material, phosphine-boranes, has emerged with its
own tantalizing properties ranging from semiconductor ceramic precursor materials to
piezoelectrics.7-9
Boron nitride (BN) exhibits optical and electronic properties vastly different than
the isoelectronic diamond, yet mechanically is quite similar. For example, BN is thermally
insulative and is a broad-band semiconductor, making it a good candidate for coating
surfaces which are routinely exposed to high temperatures or voltages, yet diamond
disperses heat efficiently and is far more electrically insulative.9 When considering the
structure of compounds like polyborazylene, the line between ceramics and polymers
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becomes hazy. Polyborazylene, the direct analog to
graphene, is comprised of interlocked 6-membered
B—N rings, with hydrogen atoms on the periphery.
Therefor the chemical formula is roughly [BN]xHn,
where x is far greater than n. In a hypothetical cluster
material, such as a BN equivalent of a fullerene, the
empirical formula is BN. The ceramic boron nitride

Figure 4.1: Fullerene C60

also has a formula of BN.
In compounds with identical formulas yet with different properties, the changes are
derived from the orbital hybridization of the constituent atoms. Most famously, the
difference in hybridization cause the differences in properties of diamond and graphite,
which differ even further from the fullerene C60 (Figure 4.1), despite these materials
consisting of only carbon atoms. It is likely that the properties of III/V materials will
similarly vary depending on the hybridization the constituent elements. Herein lays a
problem which has hindered the development of main group ceramics; current processing
methods do not adequately address the issue of phases and atomic hybridization resulting
in only in the thermodynamic product of high temperature reactions. There exists a lack of
rational approach to the discovery of new ceramics as well as the advancements of current
ceramics.10
A major drawback of BN materials in the use of electronics is poor heat dispersion,
which can cause problems when being used in electronic devices, yet BAs has heat
dispersion similar to that of diamond while retaining a relatively small band gap.11
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Naturally, the final properties desired dictate which ceramic matches what application; BN
materials are valuable in circumstances where high thermal and electrical resistances are
desired, for example, in the interior of combustion engines where elevated temperatures
are common and stray charge could cause damage. While some examples of heavier group
13/15 ceramics exist,12-18 exploration of these materials have been hampered by a lack of a
sensible approach to create the materials. The challenges associated with processes such as
deposition can be seen in the formation of BP.
In deposition, forcing conditions are required for the reaction to occur. In the
synthesis of BP, diborane (B2H6) and phosphane (PH3) are deposited onto a metal substrate,
typically titanium, molybdenum, tantalum, or tungsten.19 This deposition occurs by first
heating the metal substrate to 1200 °C. The temperature is lowered between 950 °C to 1150
°C, and the reactant gases, diborane or phosphane, are introduced in alternating layers.
They then decompose on the metal, leaving only the heaviest element (either the boron or
phosphorus). BP decomposes around 1100 °C, making the clean preparation of 13/15
ceramics quite challenging as the temperature of the system is maintained at this
approximate value.19-22 This problem is manifested in the synthesis of cubic boron arsenide
(BAs) as well; the synthesis of pure boron arsenide was reported first in 2018, as all
previous synthesis were plagued by the presence of boron subarsenide (B2As12).11 BAs has
been formed under the same conditions as BP, but the decomposition of BAs to B2As12
occurs at approx. 800 °C, yet the formation of BAs occurs at over 1000 °C. 23 Clearly, a
need for a lower temperature approach to these ceramics is desired. The hypothesis that
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Scheme 1: Dehydropolymerization route to PB ceramics

utilizing pre-ceramic polymers to afford ceramics at lower temperatures is one such
approach.
As early as 1960, polymers were investigated as preceramic materials for ceramics
such as PN,21 BN,22, 24 AlN,22 Si3N4,22 SiCN,25-26 SiC,22 and SiTiC.27 In the instance of PB,
Manners has demonstrated that, through dehydropolymerization, ceramic precursors can
be made in high yields.28-30 The polymers can then be decomposed via thermolysis to yield
the desired ceramic; in this instance polyphosphinoboranes are converted to PB. In a
general sense, a Lewis adduct can be formed, polymerized, then thermolyzed to the desired
ceramic. In the case of Manners’ work, the polymerization occurs through rhodium or ironcatalyzed dehydropolymerization. For clarity sake, the equations presented in Scheme 1
propose neat formation of benzene and H2 although the real products formed are likely a
complicated mix of organic compounds.
The use of pre-ceramic polymers ideally allows for polymers to be molded into a
desired shape before undergoing thermolysis by employing simple nonstick molds.
Currently, shapes are realized by mechanically blocking a substrate during a sputtercoating process using a stencil. Layering the precursor onto a substrate can enable ceramic
formation only in the places where it is desired, reducing the amount of material that is
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used. There is also the possibility of 3-D printing electronic devices with polymer
precursors by suspending the precursor in a compatible, conductive ink. 28-29, 31-36 However,
the process is still limited in only being able to form long chain polymers with primary
phosphines, and the pre-ceramic polymers are limited by solubility. There has been one
report by Manners of post-polymer modification of a primary phosphine borane polymer
which can hydrophosphinate unsaturated substrates resulting in a secondary phosphine
borane polymer.7 Efforts have been made towards understanding the synthesis and
properties of phosphine-boranes, which provide a limited number of phosphine-borane
materials. 1, 29, 37-39
The first reported oligomerization of phosphine boranes is quite elegant; the neat
material PPh2HBH3 is heated above 180 °C which results in the loss of H2 and formation
of the dehydrocoupled product, HPPh2BH2PPh2BH3.40 Alternatively, heating to 90 °C with
0.3 mol % ((1,5-cod)Rh(μ-Cl))2 (cod=1,5-cyclooctadiene) (Rh) results in (PPh2BH2)3
rings, and the same treatment of PPhH2BH3 results in high molecular weight polymer
formation.40 Although much is known about the mechanism of phosphine borane activation
by catalysts such as Rh,38, 41-42 it is desirable to discover methods of forming these polymers
with earth-abundant catalysts and secondary pnictogens. Earth-abundant catalysis is
important as a desire for sustainable and conscientious catalyst design grow more
important. The ability to use secondary phosphines as precursors to polymeric materials is
valuable for reasons such as easier handling due to their higher boiling points, decreased
toxicity, lower prices, and less complex synthetic routes. 1, 29, 37, 39
4.2 Phosphine borane polymerizations
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After discovering that iron cyclopentadienyl dicarbonyl dimer (Fp2) could activate
P-H bonds using visible light,43 it was chosen as a starting point for the activation of Ph2PHBH3. Manners demonstrated that FpPPh2BH3 served as an active precatalyst for the
polymerization of BH3PPhH2.29 Fp2 was used in hydrophosphination as it is closely related
to the active catalyst used by Nakazawa, FpMe, and Fp2 was found to be much more
active.44 The following hypothesis was born: if Fp2 is more active than FpMe for
hydrophosphination, it is possible that Fp2 will be more active than FpPPh2BH3 for
phosphine borane polymerization. Additionally, iron is one of the most abundant elements
in the Earth’s crust,45 and has been shown to catalyze a wide range of reactions.29, 39, 46
Ph2PH-BH3 was chosen as the first substrate of study due to the suspicion that having
electron withdrawing groups on the phosphine leads to more useful polymers.47
Additionally, HPPh2 is readily prepared from the ubiquitous organometallic ligand PPh3,
making it convenient and inexpensive.
A reaction of Ph2PH-BH3 with 10 mol% Fp2 in toluene using LED light, after 30
days as determined by

31

P NMR spectroscopy, gave modest conversion to (Ph2P-BH2)2

(10%) and (Ph2P-BH2)3 (15%) (Figure 4.2). The remainder of peaks in the spectra are
unknown, however the resonances at δ= 39.17 ppm, δ= 16.08 ppm, δ= -21.47 ppm were
initially suspected as oligomers due to comparisons with previously reported polymeric
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Figure 4.2: Ph2PH-BH3 with Fp2 after 30 days under LED light. (Ph2PBH2)2 = -13.10 ppm;
(Ph2PBH2)3 = -18.94 ppm

forms of PhPH2-BH3.40 Sluggish catalysis prompted us to examine the reactivity of Fp2
under thermally activated conditions.
In the reaction of a toluene solution of Ph2PHBH3 with 10 mol % of Fp2 at 110 °C
for four hours in a PTFE-sealed J-young style NMR tube gives 50% conversion to (Ph2PBH2)x (x = 2,3) as determined by 31P NMR spectroscopy. Longer reaction times under these
conditions for 16 hours gave conversion to other, unknown products. Important to note was
the formation of a brown solid which precipitates throughout the course of the reaction, yet
is observed only under thermal activation. Analysis of this precipitate found it to be
phosphorus containing, with

31

P NMR spectra showing resonances at δ = 56.7. It is

suspected that this is a catalysis-terminating byproduct, but the substance has not been able
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to be characterized. After an initial optimization of reaction conditions (solvent mixture =
1:5 THF:toluene, reaction time = 12 hours, (Ph2PH-BH3) = 55mg/mL) an increase in the
amount of a brown precipitate was observed in the reaction flask upon completion of the
reaction. The supernatant was analyzed as a crude mixture and gave the 31P NMR spectrum
found in Figure 4.3, while the solid was dissolved into THF with a GPC trace collected.
As with the photocatalytic experiments, it was suspected that the downfield resonances of
δ = 31.12, and δ = 27.03 were higher weight oligomeric products that would decompose to
form (Ph2P-BH2)3 when in the presence of the catalyst. While the majority of mass detected
in the GPC trace was that of (Ph2P-BH2)x (x = 2,3), evidence for the formation of trace
amounts of (Ph2PBH2)7 and (PH2PBH2)12 was observed. As a result of this, efforts were

Figure 4.3: 31P NMR of the optimized reaction of Ph2PH-BH3 after 12 hours. Ph2PH—BH3 = -0.54
ppm; (Ph2PBH2)2 = -13.43 ppm; (Ph2PBH2)3 = -18.79 ppm; Ph2PH = -40.62 ppm
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Figure 4.4: Ring opening (PPh2BH2)3 with H2

made towards understanding the system in more detail so that the reliable synthesis of
larger quantities of the higher weight oligomer may be achieved.
A strong dependence on atmosphere was observed for these reactions. In typical
dehydrocoupling reactions, the progress of the reaction can be accelerated by the removal
of H2 from the system, either by freeze-pump-thaw cycles or by performing the reaction
open to an atmosphere of N2 i.e., through typical Schlenk technique. In the reaction of
Ph2PH-BH3 with Fp2, it was noted that when subjecting the reaction to freeze-pump-thaw
cycles, or when running the reaction open to N2, progress was halted, and only (Ph2P-BH2)x
(x = 2,3) was observed to have formed. This unique result suggests that H 2 may play an
important role in this reactivity and could be involved in re-opening the formed rings to
allow for reactive sites to be exposed (Figure 4.4).
To explore the dependence of H2 on the system, a 1:5 THF:toluene solution of
Ph2PH-BH3 with 10 mol % Fp2 was added to a PTFE-sealed J-young style NMR tube under
one atmosphere of H2. After 4 hours of heating at 110 °C, a large amount of brown
precipitate was identified as forming in the flask. To determine the identity of the species,
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investigations with 1H and 31P NMR analysis was attempted, however the compound was
not soluble enough to obtain spectra.
When the reaction is run open to N2, after 4 hours it was noted that the solution had
undergone a color change from the typical red colored solution to clear, and a large amount
of brown precipitate was observed. When massed, the precipitate was very close in mass
to the starting amount of Fp2, furthering the belief that this compound was some catalysisterminating iron compound. The supernatant was decanted from the precipitate, and
volatiles were removed under reduced pressure. Solid state NMR analysis was attempted
of the recovered solids as well as the precipitate. Interestingly, ss31P NMR showed no
peaks in either sample, while ss11B NMR showed unknown compounds. The likely cause
is that the phosphorus containing species had been removed with the volatiles and that a
boron containing species is complexing with the Fp2, causing the precipitate to form. To
prevent the loss of phosphorus or boron containing volatile species, all reactions were
performed in a sealed reaction vessel.
One constant, despite atmospheric changes, is the formation of an iron hydride in
proton NMR (δ = -11.93), and an apparent iron borohydride (δ = -6.13). To determine the
source of the Fe-H, a deuterium-labeling experiment was performed. A solution of Ph2PDBH3 was refluxed in THF with 10 mol % Fp2 under a static N2 atmosphere and reaction
progress was monitored through 1H, 2H, and 31P NMR spectra. During this time, there was
no formation of an Fe-D bond, and the formation of the Fe-H bond was retained (Figure
4.5), suggesting that the activation of Ph2PH-BH3 proceeds through the B-H bond. The
presence of a second Fe-H resonance in the spectra alludes to the idea that the Fp2 may be
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Figure 4.5: 1H spectra (red) and 2H spectra (blue) of activation of Ph2PDBH3 with Fp2

the result of a homolytic cleavage of the B-H bond. In the event of the homolytic cleavage
of the B-H bond, the Fp2 would split into FpH, and FpBH2PHPh2 (Figure 4.6). This is a
surprising result; one would expect the cleavage of the P-H to occur more readily due to
the weak bonding of the electron-deficient boron to the iron, and as observed in Manner’s
work.29 While there is literature precedence for the activation of amine boranes through the
B-H bond, it is still unexpected. Of course, the observation of B-H activation could simply
mean that the activation of the P-H bond is facile, and occurs too quickly to observe on the
NMR timescale.48-50 What may be happening is that as the Fp2 activates Ph2PH-BH3, the
concentration of FpBH2PHPh2 builds over
time, consuming iron and preventing it from
Figure 4.6: FpH and FpBH2PHPh2

entering the productive catalytic pathway.
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To determine if B-H activation can occur with Fp2, a THF solution of BH3-THF
was reacted with 10 mol % FP2 in a 1:5 THF:toluene mix for 12 hours at 110 °C in a sealed
reaction tube. Interestingly, the Fe-H bond at δ = -11.57 in 1H NMR is present, but no other
Fe-H bonds are seen. In addition, the product which had been attributed to oligomeric
forms of (Ph2PBH2)x in previous

11

B NMR (δ = 27.73) are visible in this reaction. In

addition to these observations, a brown insoluble precipitate was formed in the reaction
flask, although ss11B NMR does not provide clarity on the identity of this species.
Interestingly, much of the data and observations made are consistent regardless of the
presence of phosphines. In light of all data collected thus far, a new hypothesis was formed.
Under these conditions, Fp2 is cleaving the P-B bond, the BH3 species is free to decompose
in a yet unknown pathway, and the Ph2PH is then able to react with whatever boron species
is formed to create the observed products.
One question looming over this new hypothesis is whether the reaction required the
use of a metal or not. BH3 is known to decompose at temperatures over 50°C into diborane,
as well as other higher order boranes.51 If the products observed are indeed due to the
insertion of diphenylphosphine into borane decomposition products, they should be able to
be formed without the use of a metal. To test this idea, BH3-THF in a mixture of THF and
toluene was refluxed at 110 °C in a sealed reaction tube. After 12 hours, 1 equivalent of
Ph2PH was added via syringe. After refluxing for an additional 24 hours, many similar
products are observed in

11

B NMR and 31P NMR (Figure 4.7) as in the reaction with

Ph2PH-BH3 and Fp2. After collecting masses on GPC, it was discovered the oligomeric
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Figure 4.7: 31P NMR after refluxing BH3 with Ph2PH. Ph2PH—BH3 δ = 0.51; Ph2PH δ = -40.57

weights were in fact the same, and the largest mass is, in fact, (Ph2PBH2)3. It was
rationalized that the other peaks observed in

11

B and

31

P NMR spectra were due to

complexation of some intermediary product of Ph2PH-BH3 with Fp2, but this reaction was
not studied further due to a lack of value in the answer of those questions.
This hypothesis that product formation is independent from the presence of Fp2 is
further supported by the previously determined evidence. The precipitate observed only
contained boron when analyzed by solid state NMR, as both free Ph2PH and BH3 would
be removed upon preparing the sample due to the volatility of those compounds. In
addition, performing the reaction under a dynamic stream of N2 halts reactivity due to the
gaseous nature of low-molecular weight boranes, exiting the system. Furthermore, it
explains how Ph2PH is visible in 31P NMR, despite the absence of free BH3 (δ = 0.05 in
73

11

B NMR spectra); if BH3 is complexed with an iron species it leaves Ph2PH free in

solution. It also explains the slow reactivity under LED conditions; BH 3-THF
decomposition is driving the reactivity, and BH3-THF is more stable under LED conditions
as compared to thermal conditions. While new insights into the reaction of Ph2PH-BH3
with Fp2 have been achieved, it seems unlikely that this reaction is a feasible method to
form high-molecular weight phosphine borane polymers.
After determining that Ph2PH-BH3 seems to react on a metal-free pathway under
these conditions, it was determined that new catalysts are needed. Manners had identified
that the reactions between amine gallanes and Rh results in the reduction of the Rh.52 d0
metals tend to be harder to reduce than the softer precious metals, and as such were primary
targets for catalyst development. Included in this category are compounds such as fully
oxidized lanthanum-based catalysts, group 2 metals, and group 4 metals. For a sake of
comparison, the original polymerization catalyst Rh was used for in-house
benchmarking.40 (Cp*2LaX)2 [Cp* = η5-pentamethylcyclopentadienyl; X= H, Me,
N(SiMe3)2],53-54 Cp2ZrMe2,55 and Ca(N[SiMe3]2) were all screened for catalytic activity
against PhPH2-BH3, which has been shown as the most active phosphine borane towards
polymerizations.

29, 31, 40, 56

Ultimately, no catalyst chosen reactive towards PhPH2-BH3,

however the synthesis of some lanthanum based catalysts are discussed as they enabled
success for other group members.
4.3 Lanthanum-based catalysts
Initial

efforts

towards

the

synthesis

of

(Cp*2LaH)2

(Cp*

=

η5 -

pentamethylcyclopentadienyl) followed procedures described by Marks did not yield
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Scheme 2: Synthesis of La compounds

desired product formation.53 Marks described the reaction of LiCp* with LaCl3 in THF at
ambient temperature over 16 hours, with product isolated as a white solid following the
removal of volatiles and extraction in Et2O. Variation on the Cp* nucleophile through the
use of NaCp* and KCp* only resulted in the formation of Cp*LaCl2. Combinations of
various solvents and reaction temperatures also did not result in the addition of a second
Cp*, prompting investigation into a new synthetic pathway.
An alternative route to lanthanum-based catalysts was attempted, yielding greater
success. Through the reaction of LaCl3 and three equivalents of NaHMDS (HMDS =
N(SiMe3)2) in THF at ambient temperature over 16 hours, La(HMDS)3 (Scheme 2a) is
obtained in high yields (>90 %) as determined by 1H NMR spectra. La(HMDS)3 is a
convenient precursor to more complex lanthanum catalysts, and has potential as a catalyst
itself.57 In a reaction of Ph2PH-BH3 and 5 mol % of La(HMDS)3 in 0.5 mL of 1:5
THF:toluene at 110 °C for 16 hours, the dehydrocoupling of the phosphine-borane to afford
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Figure 4.8: Reaction of La(HMDS)3 and Ph2PH-BH3 31P NMR after 16 hours. Ph2PH—BH3 =
0.64 ppm, (Ph2PBH2)2 = -12.07 ppm; Ph2PH = -40.59 ppm

(Ph2PBH2)2 is observed, although the majority product is freed Ph2PH (Figure 4.8).
Reactions of a THF solution of PhPH2-BH3 and 5 mol % La(HMDS)3 at 80°C for 12 hours
does not give promising results, with only 45% conversion of the phosphine-borane
towards the free phosphine PhPH2 (δ = -123 31P NMR) observed.
Through the protonolysis of La(HMDS)3 by the addition of 2 equivalents of Cp*H
in a THF solution heated to 65 °C over 4 hours, Cp*2LaHMDS is obtained in modest yield
(70 %) (Scheme 2b) as determined by 1H NMR spectra. Cp*2LaHMDS has potential as a
catalyst and can also serve as a convenient starting material for the formation of Cp*2LaX
derivatives, where X = H, alkyl. Synthesis of Cp*2LaMe (Scheme 2c) and Cp*2LaH
(Scheme 2d) have been attempted, with both products being seen in NMR spectra.
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However, purification and isolation has proven unsuccessful. In literature, the generation
of actinide hydrides is achieved through the reaction of phenylsilane with the actinide
methyl species.58 However, due to complications with the purification of Cp*2LaMe, the
reaction was attempted with Cp*2LaHMDS, which likely stymied activity.58-59 However,
the capability of La(HMDS)3 to act as a surprisingly efficient silicon/nitrogen
dehydrocoupling catalyst was explored by group member Mike Cibuzar. 57
4.4 Gallium based pre-ceramic materials
Gallium based ceramics have been shown to have very interesting electronic
properties,12-15, 17, 60-61 specifically GaN, which has electron transport properties greater
than silicon materials.62-63 Traditionally, GaN materials had not seen widespread use due
to heat-dispersion issues,64 but with recent promising results,63 GaN materials may soon be
commercially viable. Growing interest in GaN prompts a desire to further study the
formation of these ceramics through pre-ceramic materials. Presently, the formation of
GaN ceramics takes place at exceedingly high temperatures (>1,000 °C) and through
utilizing reactive gases.65 The Manners group has shown that by pyrolyzing
polyamineboranes or polyphosphineboranes the resultant ceramic can be made,31,

66-67

however, similar attempts with aminegallanes and phosphinegallanes resulted in
degradation of the rhodium catalyst due to a reduction of the rhodium. 35 As such, either
new catalysts or non-catalytic methods are required to further study GaN pre-ceramic
materials.
One proposition in the hypothesis that pre-ceramic materials can lower thermolysis
temperatures is the pre-formation of E-E’ bonds, hence the interest in pre-ceramic
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Scheme 3 top: Synthesis of LiGaH4, bottom: proposed capping of NEt3 with a gallane source

polymers. The E-H bond is preferred as the reaction will release H2, simplifying
purification and driving reactivity. It is hypothesized that compounds such as EH3 are
preferable as they can form the most E-E’ bonds and have theoretically no ability to form
carbonaceous impurities. To meet this goal, lithium gallium hydride (LiGaH4) was
identified as a source of GaH3. LiGaH4 behaves similarly to its commonly encountered
aluminum counterpart LAH, and as such, is moisture sensitive. Due to the larger central
atom of Ga as opposed to Al, LiGaH4 is even more sensitive to O2 and H2O. However, the
larger element causes weaker E-H bonds, which should enable for more facile bond
activation. A reaction of GaCl3 with four equivalents of LiH in diethyl ether at -78 °C
results in the formation of LiGaH4 and three equivalents of LiCl and can be identified
through IR analysis. This reaction, originally proposed in the dissertation of Reiner Dorn,
is shown in Scheme 3, top.
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Once isolated, reacting LiGaH4 with an ammonium salt

yields a capped-gallane, releasing an equivalent of H2 and LiCl (Scheme 3, bottom).71 It
is hypothesized that ammonium salts with the general formula H4-nNRnX, (n = 3-0) would
react with LiGaH4 to form gallium-amine adducts.72
Dorn aimed to use the amine-gallanes as precursors towards the formation of
phosphine-gallanes and arsine-gallanes, yet the amine-gallanes may serve as precursors to
GaN. However, purification of LiGaH4 away from LiCl proved to be challenging, and the
details of the purification were not discussed in Dorn’s dissertation. Initial efforts to purify
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LiGaH4 included extraction of either the gallane or LiCl, yet the solubilities of each
compound were similar enough to each other that contamination of LiCl in LiGaH4 was
consistently observed in IR. Sublimation was attempted, yet the thermal stability of LiGaH4
became an apparent problem, as no resulting IR spectra matched that of the data reported
by Dorn.
Following difficulties in purification, efforts were made to generate LiGaH4 in situ,
and undergo further reactivity in a one-pot synthesis. Supporting this hypothesis was a
report by Gabbai, which showed the reaction of LiGaH4 with P(C6H11)3 to form
GaH3P(C6H11)3 at -78 °C, while releasing an equivalent of LiH.72 This is very unusual
activity for phosphorus, but reproduction of Gabbai’s report yielded GaH3P(C6H11)3, albeit
in lower yields than reported. Given the thermal instability of LiGaH4, it seems more likely
that the compound is decomposing in the presence of the phosphine, with the newly formed
GaH3 “trapped” through interaction with the phosphine.
While the synthesis of GaN proves to be challenging, Gabbai’s report provided a
synthetic route to achieve GaP pre-ceramic materials.10, 73-75 The reaction between LiGaH4
and one equivalent of PPh3 in THF at temperatures ranging from -78 °C to ambient
temperature does not yield a capped gallane, and instead appears to have no reactivity as
100% by mass of PPh3 was recovered from the reaction flask as determined by 31P NMR
spectra. Due to the thermal instability of LiGaH4, reactions exceeding ambient temperature
were avoided. The reaction between LiGaH4 and one equivalent of PPh2H in THF at
ambient temperature in a sealed reaction tube (to limit release of gaseous (GaH3)2) over 16
hours yielded a green-yellow, viscous liquid. Analysis by 31P NMR spectroscopy shows a
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single resonance in

31

P NMR at δ18.72; a downfield shift from diphenylphosphine’s

regular shift of δ = -40 suggesting that coordination has occurred. Additionally, no P-H
bond is seen in the 1H NMR spectrum. It is known for gallanes to β-hydride eliminate, even
to extrude methane from species such as GaMe3PPh2H, so the spontaneous loss of
hydrogen through this mechanism is likely.76-77 This also means that the compound could
exist as a molecule and not as an adduct, which allows for the lone pair on phosphorus to
be available for further reactions.
The increased electron density on phosphorus enables the addition of other Lewis
acidic sites on the phosphorus, paving the way to potential 13-15-16 ceramic precursors.
However, ambient oxidation with O2 is a possibility. While incorporating a group 16
element into the ceramic is an eventual goal of this project, spontaneous oxidation is not
desired. Upon exposure to ambient atmosphere, the sample instantaneously turns gray and
solid, likely due to rapid oxygen incorporation. Solid state NMR analysis seems to support
this, as the phosphorus peak shifted further downfield, to δ = 23.94. TGA analysis of the
product shows the formation of GaPO2. Ga-P-O oxides are indeed known, and further
analysis of this system with powder X-Ray Diffraction may be warranted. The ceramic
GaPO4 is known to possess a bandgap of 4.44 eV, which is in a fairly unique range, and
could be used in ultraviolet LEDs.78 Additionally, a bandgap in this region is considered a
wideband semiconductor, which are key in developing high energy, high power devices
with good thermal resistance.79
With all previous synthetic strategies proving nonproductive, a new approach was
desired. One key challenge with the pre-ceramic materials is in the solubility of the
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Scheme 4: Synthesis of dibutyl gallane

compounds, and as such, efforts were made to increase the solubility of the monomeric
unit. Octylammonium, dioctylammonium and trioctylammonium chloride were prepared
and reacted with LiGaH4, but with no success at a stable adduct.
It is likely that the instability of GaH3-PPh2H and the other gallane adducts are due
to the presence of weak Ga-H bonds. LiGaH4 is only metastable, with a lifetime of merely
24 – 48 hours when stored at -40 °C. Compounds of the type GaH3-PnR3-nHn should be
investigated for their utility as it reduces the amount of potential carbonaceous byproduct,
but efforts should be made to identify systems where the substitution on the phosphorus
sufficiently stabilizes the Ga-H bond. However, the synthesis of LiGaH4 was halted in favor
of the more productive activity of alkyl gallanes.
Initially, a secondary gallane was sought to preserve the capacity for
dehydrocoupling. For the ease of synthesis, and to form a sufficiently soluble gallane,
efforts began with Bu2GaH as a target. A reaction between two equivalents of n-BuLi with
GaCl3 in Et2O at -78 °C for one hour with subsequent warming to ambient temperature
over one hour affords Bu2GaCl as observed in 1H NMR (Scheme 4). This reaction is
desirable as the formed LiCl will precipitate out of solution due to insolubility in Et2O,
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allowing for purification to be as simple as the filtration of the crude reaction mixture
followed by the removal of volatiles under reduced pressure. Following the addition of the
butyl groups, a reduction with lithium hydride was attempted. This reduction step proved
to be challenging, as irreproducible results ranged from the complete decomposition of the
gallane or no reaction occurring. It was during this process that a discrepancy in the
literature was observed, with one report by Callaway stating that the method requires the
reflux of 2 equivalents of n-butyl lithium with GaCl3, and others stating the addition
occurred at room temperature.80-82 It was then believed that reflux was necessary to achieve
proper substitution, which increased desired product yield dramatically. Eventually,
optimized conditions found it best to cool the reaction mixture of GaCl 3 in THF to -78 °C,
add nBuLi with stirring for 1 hour. After the first hour, gradual heating to ambient
conditions over the course of an hour followed by reflux for one hour gave the desired
Bu2GaCl in high yield (typically >90 %).
Despite advancements made in the production of Bu2GaCl, addition of LiH to form
free Bu2GaH still was not successful. At this point, a new strategy was employed- utilizing
a gallium chloride with a lithiated pnictogen to afford the desired compound through salt
metathesis. The reaction of Bu2GaCl with one equivalent of LiPPh2 in THF at ambient
temperature afforded Bu2GaPPh2 in moderate conversion (~50 %) as seen in

31

P NMR

spectra. Gentle heating to 40 °C for 2 hours affords full conversion of LiPPh2. Using this
same general method, efforts to form gallium containing pre-ceramic materials was quickly
realized with GaN, GaP, and GaAs precursors, all from their respective LiPnAr2
compounds. Additionally, the formation of tertiary gallanes was achieved with GaBu3 and
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GaPh3, which provides some comparative reactivity studies against the well-studied borane
compounds BBu3 and BPh3. These thermal properties of these compounds are discussed in
more detail in the following chapter.
4.5 Arsine borane preceramic materials
Investigations into organoarsines extends from interest in incorporating heavy Pblock elements into both polymers and other electronically active compounds, such as
arsoles.2,

4-5, 83-84

Incorporation of these heavier elements has lead to some useful

discoveries, such as the solution and solid-state fluorescence of a series of 2,5-diarylarsoles
as shown by Naka which are more stable towards oxidation than their phosphorus based
counterpart, yet retain similar electronic properties. 85 Overall, less is known of the
reactivity of arsines as compared to phosphines, and as such, we have turned out attention
to arsine-capped boranes for further study.
This work began as an extension from previously studied Ph2PHBH3 systems. As
of this writing, no polymeric materials consisting of an As-B backbone are known in the
literature. We hypothesize that if N-B polymers have been found to be useful (borazine,
polyborazylene), and polymeric P-B molecules have been shown to be useful, and heavy
elements lend to interesting photophysical properties, there is an opportunity to explore the
formation of polyarsineboranes for pre-ceramic materials.
Investigations began through the study of the borane-protected secondary arsine,
Ph2AsHBH3.1, 29, 39 Originally reported by Noeth in part of a larger study of boron-capped
arsines, Noeth reports that product of the reaction between Ph2AsH and BH3-SMe2 did not
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match predicted

11

B NMR spectroscopic data for Ph2AsH-BH3 and decomposition was

suggested as a possible cause for the discrepancies.86 In reports for the formation of Ph2PH
by Webster, the addition of BH3 to PPh2H is done at -78 °C.39 However in our lab, we have
not observed any drop in yield when protecting PPh2H with BH3-THF at ambient
temperature, and as such did not initially attempt the protection of AsPh 2H at reduced
temperatures. Much to our surprise, the reaction of AsPh2H with equimolar BH3-THF at
ambient temperature results in the total dehydrocoupling of the arsine, yielding (AsPh)2.
One way of limiting dehydrogenation is by using a hydrogen atmosphere to reduce the
formation of H2 as stated in Le’Chatelier’s principle, which lead us to preforming future
experiments under a H2 atmosphere. The optimized reaction consists of one equivalent of
Ph2AsH with 0.99 equivalents of BH3-THF under a H2 atmosphere at -78 °C in THF at
fairly low concentrations (<50 mg Ph2AsH /mL THF) and was monitored through

11

B

NMR spectra (Figure 4.9). It is crucially important that removal of volatiles with reduced
pressure is performed at -78 °C, or else dehydrocoupling of the arsine occurs. The oil
product was tentatively identified as Ph2AsHBH3 based on a 11B NMR resonance of δ = 35.2 (broad, JBH = 59 Hz), similar to the shift observed with Ph2PHBH3.
It became quickly apparent that this oil was unstable at ambient temperature, as
bubbles can be seen evolving from the solution over time. Initially it was assumed that this
decomposition was the dissociation of borane as diborane. In a reaction of AsPh3 with one
equivalent of BH3-THF at -78 °C, the arsine is only partially capped and slowly dissociates
borane while in solution. Additionally, both Ph2NHBH3 and Ph2PHBH3 are solids, leading
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Figure 4.9: 11B{1H} NMR spectrum showing partial conversion to Ph2AsHBH3 (δ = -35.16). BH3THF is present at δ = -0.30

us to hypothesize that Ph2AsHBH3 should also be a solid, and the nature of the oil was
solvent “stuck” to the capped arsine. However, no amount of trituration with pentanes,
sonication, crystallization, or solvent removal yielded a solid product, and subjecting the
samples to reduced pressure or distillation conditions only accelerated decomposition.
Based on

11

B NMR spectra of analogous compounds, we believed that Ph2AsHBH3 was

successfully made, but not stable enough to be isolated.
Initially, Ph2AsHBH3 was generated in situ to use for polymerization experiments.
Studies began with the use of catalytic Rh, as Rh has been shown to be an effective
phosphine borane polymerization catalyst.40 The reaction of in situ generated Ph2AsHBH3
with catalytic (loading between 1 and 0.2 mol %) Rh in THF at 65 °C was optimized by
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varying the loading of Rh and monitoring reaction times as a function of starting material
consumption by 11B NMR spectra. It was found that the loading of Rh could be dropped
as low as 0.2 mol % without a significant reduction in reaction time, with the concentration
of Ph2AsHBH3 in the range of 8-10 μM. Additionally, toluene was identified as the solvent
of choice which mirrors observations made by Manners. 28, 40 Temperature was found to
promote activity at 60 °C, with lower molecular weight samples predominating LCMS
analysis when temperature is raised above 65 °C. Reaction times were, and still are, of
some interest. Full consumption of Ph2AsHBH3 occurs within one hour but allowing the
solution to stir promotes the formation of higher molecular weight species. This
observation is similar to step-growth polymerization, where polymerization occurs through
the coupling of monomers, then dimers, repeating iteratively until long-form polymers are
formed. These observations are discussed in more detail later, where rings were found to
spontaneously elongate to incorporate larger ring structures. In collaboration with Bruce
O’Rourke, samples analyzed by LCMS were found to possess a largest peak at m/z = 1183
Da, which is equivalent to (Ph2AsBH2)5. To confirm the mass assignments, samples were
sent to a MALDI facility at the University of Illinois, which used MALDI-TOF-MS to
determine a largest molecular mass of 3,004 Da.
During the synthesis and purification of a batch of Ph2AsHBH3, exploration of the
decomposition process was performed. As previously stated, we hypothesized that
preforming the reaction of Ph2AsH with BH3 under an H2 atmosphere would limit the
dehydrogenation of Ph2AsH. This hypothesis turned out to be only partially correct.
Headspace analysis demonstrated that the gas consisted of H2 and BH3 by monitoring 1H
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and 11B NMR spectra, showing that the loss of BH3 was indeed possible as observed with
AsPh3. We then hypothesized that the mechanism for decomposition was the dissociation
of borane which would then promote the dehydrocoupling of Ph2AsHBH3 units. While
dehydrocoupling is a symmetry forbidden process, the dissociate of BH3 from one
equivalent of Ph2AsBH3 would catalyze the dehydrocoupling of a different unit of
Ph2AsBH3.87 It was previously demonstrated that dehydrocoupling of Ph2AsH can be
catalyzed by a Lewis acid, and it may be possible that BH3 could act as a catalyst for the
dehydrocoupling of the arsine-borane.
During this decomposition, several products form as determined by

11

B NMR

spectroscopy (Figure 4.10) as (Ph2AsBH2)3 (broad, δ = -30.7), (Ph2AsBH2)4,5 (broad, δ =

t = 72 hrs

t = 24 hrs

t = 0.5 hrs

Figure 4.10: 11B{1H} NMR spectrum showing decomposition over time from Ph2AsHBH3 (δ = -35.16)
and BH3-THF (δ = -0.30) to form cyclic (Ph2AsBH2)n (δ = -30 to -32), B2H6 (δ = 20), and unknown
(δ = 27)
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-30 to -32), as well as borane-THF (δ = 0.3), with the identities of (Ph2AsBH2)3 and
(Ph2AsBH2)4,5 confirmed by mass spectrometry. The chemical shifts observed in 11B NMR
spectroscopy are similar to those observed with the analogous (Ph2PBH2)n, ((Ph2PBH2)3 =
-32.9 ppm; (Ph2PBH2)4 = -31.2 ppm).31 X-ray quality crystals of compound (Ph2AsBH2)3
were observed to disproportionate in solution to a mixture of (Ph2AsBH2)n (n = 3, 4, or 5),
behavior which is unknown for the analogous phosphine borane or amine borane. Two
additional unknown resonances are observed in the

11

B NMR spectrum during the

decomposition of Ph2AsH-BH3 at = -37.0 (broad) and δ = 27.7 (broad). Spontaneous ring
formation for heavier main group elements is known, although to our knowledge this is the
first example of spontaneous ring formation involving an arsine-borane.88-90
To investigate the potential of an equilibrium exchange between (Ph2AsBH2)3 and
larger cyclic units, a sample of XRD quality crystals of (Ph2AsBH2)3 (approx. 10 mg,
Figure 4.11) was dissolved in 1 mL of DCM and was analyzed by LCMS. Evidence for

Figure 4.11: Single crystal XRD of (Ph2AsBH2)3 (left) and of (Ph2PBH2)4 (right). Ellipsoids drawn
at 50% probability, hydrogen atoms omitted for clarity.
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(Ph2AsBH2)4 was detected through the ring-opened cation Ph2As[BH2(AsPh2BH2)2]AsPh2
(m/z = 955.1 in APCI). A peak located at m/z = 711.3 in APCI was detected, demonstrating
the presence of Ph2As[BHAsPh2BH]AsPh2; the cationic form of the starting (Ph2AsBH2)3
following the loss of borane as a result of the ionization. Interestingly, the presence of
neither (Ph2BH2)3 nor Ph2AsBH2AsPh2BH2AsPh2 was observed in the softer ESI LCMS.
A similar fragmentation is observed for the parent compound (Ph2AsBH2)5 at m/z = 1183.1
equating to the fragment Ph2As[BH2(AsPh2BH2)3]AsPh2. As stated previously, analysis
through MALDI-TOF-MS shows the existence of a compound with a mass equal to 3,004
Da, equal to (AsPh2BH2)12. While the factors determining ring expansion are currently
unknown, it is suspected that longer equilibration times allowed for the formation of larger
ring sizes.
In dehydropolymerization reactions reported by Webster, an unknown peak in 11B
NMR spectroscopy at 27.7 ppm was observed, mirroring our own observations.39 This
similarity prompted us to explore if the product was pnictogen containing. Upon heating
BH3-THF in dry toluene to 100 °C in a PTFE-sealed J-young style NMR tube, the
formation of a peak at 27.7 ppm is observed in 11B NMR spectroscopy. Heating BH3-SMe2
in dry toluene at 100 °C resulted in no formation of the unknown product at 27.7 ppm. The
reaction of one equivalent of BH3-SMe2 with one equivalent of THF in dry toluene results
in the trace formation of the unknown product at 27.7 ppm. A similar product was also
observed in an industrial study pertaining to the thermal degradation of BH3-THF.51 While
isolation of this product has been unsuccessful, likely a volatile organoborane, we posit the
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formation is dependent solely on the presence of borane THF and is unrelated to the
dehydrocoupling of group 15-borane Lewis pairs.

t = 168 hrs

t = 24 hrs

t = 0.5 hrs

Figure 4.12: 2H NMR spectrum of Ph2AsDBH3 over time

To further investigate the decomposition of Ph2AsH, deuteration experiments were
performed (Figure 4.12). In the reaction of one equivalent of Ph2AsD with one equivalent
of BH3-THF in toluene at ambient temperature, the formation of aryl C-D bonds (δ = 7.15
ppm and δ = 7.07 ppm) is observed in the 2H NMR spectra over the course of 24 hours.
This is again in contrast to analogous phosphine or amine systems, and the formation of
the aryl deuterium bond suggests that activation of the As-C bond is occurring, but the
mechanism remains elusive. Also observed in Figure 4.12 is the formation of B-D bonds,
which suggests a mechanistic step of boron inserting into the As-D bond. This observation
of activating As-H bonds with BH3-THF hints towards the ability of simple boranes to be
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dehydrocoupling catalysts for arsines, a reaction that will be discussed further on, but this
result also demonstrates that As-C bond activation is occurring.
To study if As-C activation was occurring, AsPh3 was treated with one equivalent
of BH3-THF in THF at -78 °C. The solution gradually warmed to room temperature and
stirred for 48 hours after which the solution turned a pale red color. The 11B NMR spectrum
shows only a single broad peak at δ = 19 ppm, with C6H6 and (Ph2As)2 both detected in the
solution by mass spectrometry. While the 11B NMR chemical shift observed is unknown,
it is in the region of the 11B NMR spectra typically associated with organoboranes.91 We
were curious if it is possible to transfer an aryl group from the arsine to the borane as phenyl
migration from a phosphine to boron has been observed previously, but this process was
induced by UV photolysis.92 Surprisingly, ambient light appears to be of sufficient energy
to activate the aryl transfer despite no features in the visible region of the UV-Vis spectra.
When the reaction of AsPh3 with one equivalent of BH3-THF is performed with the
exclusion of light, no As-C activation is observed after 60 hours. When a solution of AsPh3
with one equivalent of BH3-THF is exposed to 365 nm light at ambient temperatures for
24 hours, the formation of (Ph2As)2 is observed in small quantities. A refluxed solution of
AsPh3 with one equivalent of BH3-THF in THF does not produce (AsPh2)2 when heated to
reflux with the exclusion of light.
The cleavage of a phenyl substituent from AsPh3 is interesting as it may serve as a
route to access diphenylarsonium. While currently unknown, diphenylarsonium is
isoelectronic with carbenes, possessing 6 valence electrons. The first report of a 6-electron
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pnictogen was made only recently with bulky bismuth and antimony centers, and access
such valence states with common arsenic reagents is of interest.93
Perhaps the most striking difference between the lighter pnictogens and arsenic is
the propensity of Ph2AsH to be dehydrocoupled by simple boranes. Boron-capped
phosphines and amines are ubiquitous, with many being air stable, yet Ph2AsH was
demonstrated to be dehydrocoupled by simple, commercially available boranes.1 As stated
previously, a reaction of Ph2AsH with one equivalent of BH3-THF in THF at ambient
temperature results in the quantitative formation of (Ph2As)2 after one hour as observed by
1

H NMR spectra (Table 4.1). Altering the loading of borane and temperature results in

surprising results, but perhaps most interesting is the contrast between borane THF and
borane SMe2. The reaction of Ph2AsH with 5 mol % borane THF in toluene at ambient
temperature over 24 hours yields only 5% of (AsPh2)2, however, utilizing dimethyl sulfidecapped borane in identical conditions yields 70% conversion, with full conversion achieved
after 48 hours (borane THF showed no further reactivity with extended time).
Traditionally, both BH3-THF and BH3-SMe2 are used as sources of BH3 in solution, yet
this contrast in behavior shows the influence of the sulfide may be more influential than
previously thought.
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Utilizing a stronger Lewis acid in BF3-OEt2 shows no activity at higher
temperatures, and at higher catalyst loadings (up to 20 mol %), and with extended reaction
times. However, employing B(C6F5)3 as a catalyst at 5 mol % results in near quantitative

Standard conditions: 0.020 mmol arsine added to 0.50 mL THF, then addition of catalyst.

yields in minutes at ambient temperatures in toluene. The dehydrocoupling of arsines with
simple boranes, such as BH3, demonstrates a contrast between arsine-boranes and the
lighter pnictogen analogs. In the study of amine-boranes, the use of dehydrocoupling
catalysts result in the formation of borazine and polyborazylene, and not in the cleavage of
the N-B bond and subsequent coupling to afford new N-N bonds. Similarly, the use of
dehydrocoupling catalysts in phosphine-boranes results in the formation of polymeric or
cyclic phosphine boranes, and not in the formation of P-P bonds.48-50
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4.6 Conclusions
In conclusion, efforts were made towards the identification of a general category of
pre-ceramic molecules for group III/V ceramics. Synthetic routes for heavy main group
elements, such as gallium and arsenic, were explored. Emphasis was placed on synthetic
routes which afforded non-complex molecules as a first-glance method to determine which
class of molecule is the most efficient ceramic precursor. Surprising reactivity trends were
observed, namely the reactivity of As-H bonds towards mild Lewis acids. The pre-ceramic
molecules desired were mostly air stable, likely due to the donation from the pnictogen
stabilizing both the group 13 and 15 elements. Through this study, molecules of the general
formula R2EHxE’R’2Hx (E = B, Al, Ga, In; E’ = N, P, As, Sb; R = Bu, iBu’; R’ = Ph, tol; x
= 1 or 0) were found to serve as air stable pre-ceramic precursors.
4.7 Experimental
4.7.1 General Considerations
All manipulations were performed under an inert atmosphere of N2 using Schlenk line or
glovebox techniques using oxygen-free, anhydrous solvents unless specified otherwise.
Final products were exposed to air following workup to determine bench-stability. NMR
spectra were recorded using a Bruker AXR 500 MHz spectrometer and were referenced to
residual solvent impurities (δ = 7.16 for C6D6 and 1.72 for THF-d8) for 1H NMR
experiments and to an BF3-OEt2

11

B NMR experiments (δ = 0.0). ([1,5-COD]RhCl)2,

Ph2PH, PhPH2BH3, Ph2PHBH3, Ph3PBH3, Bu2GaCl, Ph2AsH, Ph2AsD, and Ph3AsBH3
were prepared by literature procedures39, 86, 94-96 and were stored under an inert atmosphere
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of N2 prior to use. All other reagents were obtained from commercial suppliers and dried
by conventional means as necessary. A commercially available GE LED Lamp A19 bulb
with an operating power of 13 W and output of 800 lumens was used for light catalyzed
procedures.
4.7.2 General thermal reaction of [CpFe(CO)2]2 with phosphine-boranes
A PTFE sealed J-young style NMR tube was charged with 0.420 mmol of phosphineborane, 0.0283 mmol of [CpFe(CO)2]2 and filled with 0.5 mL of diethyl ether, toluene, or
THF. The reaction is then heated to reflux and progress monitored through 31P NMR.
4.7.3 General photochemical reaction of [CpFe(CO)2]2 with phosphine-boranes
A PTFE sealed J-young style NMR tube was charged with 0.420 mmol of phosphineborane, 0.0283 mmol of [CpFe(CO)2]2 and filled with 0.5 mL of diethyl ether, toluene, or
THF. The reaction is then placed in a sealed steel container with a commercially available
GE LED Lamp and irradiated for 2 hours to 31 days, with reaction progress monitored
through 31P NMR.
4.7.4 Attempted synthesis of Ph2AsHBH3
A 250 mL Schlenk flask was charged with 3.05 g (13.3 mmol) Ph2AsH and 100 mL dry
THF under an H2 atmosphere. The solution was cooled to -78 °C, and 13.3 mL (13.3 mmol)
of 1 M BH3·THF was added slowly via syringe while stirring. The reaction mixture was
allowed to stir for 4 hours at -78 °C, at which point the solution gradually warmed to
ambient temperature (approx. 23 °C) and stirred for an additional 12 hours. Volatiles were
removed under reduced pressure resulting in a colorless oil which spontaneously releases
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gas. Characterization and purification could not be achieved, and BH3-THF is readily reformed in solution.
4.7.5 Synthesis of [Ph2AsBH2]3
The synthesis of Ph2AsHBH3 was followed until the oil product was obtained. 10 mL of
dry toluene were added to 2.5 g of the oil, and the mixture was allowed to stir at ambient
temperature for 16 hours. Volatiles were removed under reduced pressure, resulting in a
colorless crystallin solid. The solid was sublimed at 200 °C under reduced pressure yielding
blocky colorless crystals. (Detected in LCMS as linear Ph2AsBH2Ph2AsBH2AsPh2 m/z =
713.2), 1H (550 MHz, C6D6): 2.89 (b, 2 H, BH2), 6.95 (m, 6 H, Ph(H)), 7.70 (m, 4 H,
Ph(H)). 13C{1H} (125 MHz, C6D6) 128.39, 128.97, 132.64, 134.77. 11B: -30.71. 11B{1H}:
-30.81.
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Figure 4.13: 1H NMR spectrum of (Ph2AsBH2)3
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Figure 4.14: 13C NMR of (Ph2AsBH2)3
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Figure 4.15: 11B NMR of (Ph2AsBH2)3
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Figure 4.16: 11B{1H} NMR of (Ph2AsBH2)3
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Figure 4.17: IR spectrum of (Ph2AsBH2)3
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Figure 4.18: LCMS of (Ph2AsBH2)3

4.7.6 Synthesis of Ph2AsDBH3
A 250 mL Schlenk flask was charged with 3.55 g (15.4 mmol) Ph2AsD and 100 mL dry
THF under an H2 atmosphere. The solution was cooled to -78 °C, and 15.5 mL (15.5 mmol)
of 1 M BH3·THF was added slowly via syringe while stirring. The reaction mixture was
allowed to stir for 4 hours at -78 °C, at which point the solution gradually warmed to
ambient temperature (approx. 23 °C) and stirred for an additional 12 hours. Volatiles were
removed under reduced pressure, and an aliquot of the oil (0.1 mL) was immediately
transferred into a PTFE-sealed J-young style NMR tube, as well as 0.4 mL dry THF. The
reaction was monitored with 2H and 11B NMR spectroscopy.
4.7.7 Evidence for Spontaneous Ring Expansion of (Ph2AsBH2)3 to larger rings:
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A sample of XRD quality crystals of (Ph2AsBH2)3 (approx. 10 mg) was dissolved in 1 mL
of DCM, allowed to equilibrate for 30 minutes, and was analyzed by LCMS. Evidence for
(Ph2AsBH2)4 was detected through the ring-opened cation Ph2As[BH2(AsPh2BH2)2]AsPh2
(m/z = 955.1 in APCI). A peak located at 711.3 in APCI was detected, demonstrating the
presence of Ph2As[BHAsPh2BH]AsPh2, two mass units lower than the anticipated mass.
Interestingly, the presence of neither (Ph2BH2)3 nor Ph2AsBH2AsPh2BH2AsPh2 was
observed directly despite being observed in the softer ESI LCMS (figure SI ---, above).
Additionally, a similar fragmentation is observed for the parent compound (Ph2AsBH2)5 at
m/z = 1183.1 equating to the fragment Ph2As[BH2(AsPh2BH2)3]AsPh2.

Figure 4.19: LCMS spectrum demonstrating the presence of (Ph2AsBH2)4 (m/z = 955.1), (Ph2AsBH2)5 (m/z = 1183.1)

4.7.8 Evidence for Spontaneous As—C activation in Ph3AsBH3:
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A sample of pure Ph3AsBH3 (0.250 g, 0.779 mmol) was dissolved into 10 mL dry THF.
The solution stirred at ambient temperature (~22 °C) for 96 hours in a sealed vial. Solids
were filtered out, and the resulting solution was analyzed via GC-MS. The resulting
chromatograph and spectrum shows the presence of benzene.

Figure 4.20: Chromatograph of the presence of benzene in THF
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Figure 4.21: Mass spectrum obtained through analysis of elution peak observed in Figure 4.20

4.7.9 Typical procedure for the dehydrocoupling of Ph 2AsB
A PTFE sealed J-young style NMR tube was charged with 0.200 mmol of Ph2AsH and
either 0.200 mmol, 0.040 mmol, or 0.005 mmol of borane, with 0.5 mL benzene-d6 added
as solvent. To achieve 0.005 mmol of borane compound, stock solutions of the respective
boranes (0.01 M) were created with benzene-d6 as solvent, and 0.5 mL aliquots were used
in place of external solvent. The tubes were subjected to two freeze-pump-thaw cycles and
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heated to 65 °C. 1H NMR spectra were acquired every 2 hours, with additional freezepump-thaw cycles occurring after each NMR experiment.
4.7.10 Reaction of Bu2GaCl with LiPPh2
A 50 mL Schlenk flask was charged with 2.5 mmol Bu2GaCl and 10 mL toluene. The
stirring solution was cooled to -78 °C with a dry ice and isopropyl alcohol bath. To this
stirring solution, 2.5 mmol LiPPh2 dissolved in 5 mL toluene was added by syringe. After
stirring for 30 minutes, the stirring solution was slowly warmed to ambient temperature
over the course of one hour, although color left the solution almost instantaneously.
Following removal of solvent, product was extracted using 3x 10 mL increments of diethyl
ether. Product isolated as a pale-yellow solid. 13C and 1H NMR spectra are consistent with

Figure 4.22: 1H NMR spectrum of Bu2GaPPh2
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a coordinated THF molecule to this adduct. Note: Gallium contains two abundant spin
active nuclei, both spin 3/2. As a result, 1-bond couplings can result in complicated
splitting patterns which overlap.

Figure 4.23: 31P NMR spectrum of Bu2GaPPh2
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Figure 4.24: 13C NMR spectrum of Bu2GaPPh2

4.7.11 Typical reaction for LiGaH4 experiments
A 20 mL scintillation vial was charged with 0.200 mmol of Ga2Cl6 (GaCl3) and cooled to
-78 °C in the glovebox cold well. In 0.5 mL increments, a total of 10 mL diethyl ether was
added to the stirring solution with extreme caution to avoid excessive heating, as the
dissolution is remarkably exothermic. 0.80 mmol of LiH was slowly added to the reaction
flask, which was allowed to stir at -78 °C for 1 hour before being warmed to room
temperature. To this stirring solution, ammonium salts or phosphine was added. Products
were attempted to be purified through filtration, sublimation, distillation, and
recrystallization with no success.
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Chapter 5: Formation of Ceramic Materials
5.1 Introduction
Ceramics are found in many parts of everyday life. From important structural
ceramics like those in engines (SiN), to high temperature applications (rocket boosters,
SiC) to filters, radiation shielding, lenses, and more.1 Ceramics are also used ubiquitously
in handheld electronics in the form of semiconductors. While not all semiconductor
electronics are made of ceramics, the desirable mix of stability, band gap ranges, and high
purity manufacturing methods make them an attractive choice when designing circuitry.
Oxide-based ceramics, such as TiO2, InSnO, and AlO3, are remarkably common due to the
metalloid being readily oxidized under ambient conditions, but these ceramics tend to have
much larger bandgaps than non-oxide ceramics. Due to the nature of the small bandgap of
non-oxide ceramic semiconductors, low voltage and low power applications are
achievable, however, these ceramics are far less studied. 2-3
One of the most common low power applications is lighting. Awareness of
inefficiency concerns of incandescent light bulbs and environmental concerns regarding
fluorescent light bulbs has created a demand for cheap, efficient, and environmentally safer
light bulbs.4 The answer was found in LED bulbs. Incandescent light bulbs are remarkably
inefficient, with roughly 90% of energy consumed transferred into heat. Fluorescent bulbs
produce light by passing current through vaporized mercury which possess health and
environmental risks. LED bulbs have neither of these drawbacks; they produce far less heat
than incandescent bulbs, and do not contain vaporized mercury. The light producing
filament is comprised of non-oxide semiconductors, with many made of 13/15 ceramics.5
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Ceramics of group 13/15 elements, which are interchangeably referred to as III/V, have
seen widespread use in the electronics industry for decades with uses ranging from simple
LED bulbs to high energy lasers.6-14 In general, light is produced by passing a current
through the semiconductor, which then emits light as a way of releasing energy. The
released energy is colored depending on the emission of the semiconductor in question,
and white light is produced by mixing the emission spectra of a few different ceramics
(which can also be doped to achieve the exact emission desired). To name some specifics,
gallium phosphide produces yellow and green light, aluminum gallium arsenide produces
red and IR light, and gallium nitride produces blue light, which when mixed, gives the
white light typically found in modern lighting. 5, 15-16
The introduction of LED lighting has certainly propelled certain technologies
further, and the use of LED bulbs in place of incandescent bulbs saves the user money by
saving energy, but that is not to say it is a perfect system. An in-depth look at the ceramic
boron arsenide (BAs) helps to make a solid argument for the research needed in ceramic
science. Among ceramics, cubic boron arsenide (BAs) stands out with a high thermal
diffusion rate of 1,000 WM-1k-1 and band gap of 1.5 eV.6, 12, 17-18 This efficient heat
dispersion is seen only in diamond, and could find use in quantum computing as the heat
buildup at such small scales exceeds the tolerance of current silicon-based semiconductors.
Like many ceramics, the most common route to the formation of BAs is by deposition- a
metal substrate or seed crystal is placed into a reactor, in the example of BAs the seed
crystal is typically high purity elemental arsenic, which is held at a temperature between
1,000 and 1,200 °C. The second component of the ceramic is added as a gas, in this
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example, B2H6. The gas which is added forms a layer onto the seed crystal and is then
decomposed due to the high temperature of the system. As a result of the decomposition,
the borane remains bound to the arsenic. The chamber is evacuated, then a gaseous source
of arsenic is added (usually arsine, AsH3), which then decomposes, and the process repeats.
This method of deposition (CVD, MOCVD) is responsible for most of the semiconductors
used in electronics and is very attractive due to the high precision of the technique.
There are a few distinct areas for improvement from deposition technology. It has
been theorized that impurities in the crystal lattice of the final semiconductor results from
excess elemental arsenic used as the seed crystal, and the impurity has limited the thermal
properties of cubic BAs.18 In fact, the first synthesis of pure BAs has been reported as
recently as 2018, despite the attempted use of BAs in materials for years.6 As such,
addressing the necessity of the seed crystal is an area which could be improved upon. The
high temperatures used in deposition also pose a barrier- an impurity in the production of
BAs is boron subarsenide (B12As2) which is formed at ~920 °C from the decomposition of
BAs.18 The formation of pure BAs requires forcing conditions with temperatures exceeding
1,000 °C and with reactions times around 35 days. 6 BAs is known to decompose to the
impurity B12As2 at a temperature lower than that is required to form BAs from the starting
materials, and the reaction time of over a month drastically limits industrial application.
This is not to say B12As2 is not a desirable product; it demonstrates the ability to self-heal
radiation damage and possesses a bandgap of 3.47 eV, suggesting uses in solar
applications.17 The challenge is the selective formation of one ceramic while excluding the
formation of the other ceramic.
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To address these challenges, a new strategy in the formation of semiconductor
ceramics was found in the use of molecular precursors. Through the formation of the
desired bonds present in the final ceramic (i.e. B-As bonds for BAs), the energy input
required to get the final ceramic should be lower. In principle, pre-forming as many desired
bonds as possible before thermolysis should result in a net lower temperature. An added
benefit to this approach is that the new products made during this investigative route may
have useful properties of their own.19,20
Extensive progress in pre-ceramic polymers has been achieved through the study
of amine boranes, Manners and Webster have probed both phosphine boranes and
phosphine gallanes as pre-ceramic polymers, while Arnold and Stolz have investigated
amine gallanes for use as materials precursors. 8-9, 21-27 Manners and coworkers utilized
primary phosphine boranes as precursors to high molecular weight pre-ceramic polymers
which formed BP in a low temperature thermolysis.28 Stolz’s sought to use aminestabilized GaH3 precursors for chemical vapor deposition as gallium sources for GaE
ceramics (E = group 15 element), although he observed changes in thermolysis properties
based on the stabilizing amine.21 Although he did not state this in his own studies, I suspect
that he was instead observing the formation of nitrogen-doped gallium ceramics. Arnold
observed that utilizing Ga4N8 caged structures lowered the thermolysis temperature to GaN
to 700 °C, serving as an excellent proof of principle that pre-forming 13/15 bonds can
lower the temperature of thermolysis.27 Johansen and Steigerwald were able to form GaAs
and InP, respectively, from molecular precursors with thermolysis temperatures of 400 °C
for 24 hours.29-30 These studies provide a solid foundation for the following work, as it
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demonstrates that it is indeed possible to lower the temperature of thermolysis without
impacting the final purity of the ceramic.
The scale of this problem is quite large; for each desired III/V ceramic product,
there are many potential precursors. When considering the possible binary III/V ceramics
where III = E = B, Al, Ga, or In and V = E’ = N, P, As, Sb, or Bi, there are 20 ceramics
which can be formed. For each ceramic, the pre-ceramic molecular species can be written
as ER3-nHnE’R’3-xHx (R = R’ = aryl or alkyl). In the case of boron nitride, where E = B and
E’ = N, there are options for the type and quantity of substituents on each element. There
are 4 options for the distribution of aryl or alkyl groups in the place of R or R’, where the
substituents can be all aryl, all alkyl, or mixed. Variation on n or x refers to the nature of
amine or borane (i.e. primary or secondary) and gives 16 options for potential substitution
patterns (n = 0, 1, 2, or 3 and x = 0, 1, 2, or 3). This means each ceramic has 61 potential
precursors as n = x = 3 [ex. BH3NH3] is the same compound regardless of substituent. Each
precursor must be evaluated to determine the most efficient precursor, giving 1,220
categories to examined (20 ceramics, 61 potential precursors types per ceramic). This
number does not include the possibility of polymerization, which theoretically will drop
the thermolysis temperature lower than discrete molecules. To best tackle this problem,
some general and convenient precursors were tested for each ceramic, and trends were
analyzed and used to predict which precursors would be best for untested ceramics. For
ease of discussion, the ceramics discussed will be grouped by the identity of the group III
element.
5.2 Boron based ceramics
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5.2.1 Boron nitride and boron phosphide
Perhaps unsurprisingly, not much of this work focused on the synthesis of new
boron nitride precursors. Much work has been done on the thermolysis of amine boranes,
and efforts were focused on less explored III/V precursors. However, one intriguing
preliminary result was found in the properties of (tri-n-butyl)triethylamineborane. In the
reaction of BBu3 with one equivalent of NEt3 at ambient temperature in THF, and following
the removal of volatiles with reduced pressures, a viscous liquid is formed. In the 1H NMR
spectrum, both NEt3 and BBu3 are present, and

11

B NMR spectra show a single singlet

shifted slightly upfield to δ = 33.26, indicating coordination of the boron to the nitrogen by
the increase in electron density as observed in the upfield shift. Surprisingly, this product
is pyrophoric. That is very unexpected as triethylamine is not air sensitive, and
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Figure 5.1: Powder XRD pattern of the self-ignition product of Bu3BNEt3

122

Figure 5.2: TGA thermograph of Ph2PHBH3

tributylborane is only moderately air sensitive. Analysis of the residue by powder XRD of
the self-ignition product shows the formation of impure BN (Figure 5.1).
The shift of the BBu3 in

11

B NMR spectroscopy indicates that coordination did

indeed occur, so this system is not a frustrated Lewis pair. However, the Lewis pair is not
sufficiently stable to be stored in regular air, while many related amine-boranes are air
stable. One hypothesis for the formation of BN from this system is that the B-N bond is
stronger than the B-O bond, promoting CO2 formation over the formation over NOx or
B2O3. However, the bond dissociation energies do not agree with that hypothesis. 31
The dependence of thermolysis temperatures on substitution became more apparent
during the study of phosphine boranes. While attempting to make pre-ceramic materials
using phosphine boranes, samples were thermolyzed in TGA to determine impacts on the
thermolysis profile (see chapter 4). To achieve a baseline thermolysis temperature and
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profile, the Lewis pair Ph2PHBH3 was thermolyzed in TGA (Figure 5.2). Thermolysis
begins at approximately 175 °C with a loss of almost 20% of the starting mass, which does
not comprise of a clean fragmentation of Ph2PHBH3 which has a molar mass of 200.02 Da,
with 20% meaning a unit with mass 40 Da. The conversion of Ph2PHBH3 to the trimeric
(Ph2PBH2)3 is known to occur around this temperature, but hydrogen only consists of 1%
of the formula mass.28 Additionally, the sample is dried prior to thermolysis by heating the
sample to 107 °C for 10 minutes under a nitrogen stream, so adsorbed moisture has been
removed from the system. The decomposition quickly quickens to include the loss of both
equivalents of benzene, resulting in the formation of PB at around 650 °C.
The first phosphine-borane oligomer tested was the trimer (Ph2PBH2)3, which we
anticipate to have a lower thermolysis temperature if the example set by Arnold is a
consistent trend.27 Shockingly, the thermolysis of the trimeric structure occurred at a higher
temperature than that of free Ph2PHBH3, did not result in pure PB as observed by the high
mass % remaining, and occurs in a much less defined manner than Ph 2PHBH3 (Figure
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Figure 5.3: TGA thermograph of (Ph2PBH3)3

5.3). This is counter to the observations of Arnold, in that pre-forming P—B bonds results
in a less optimal thermolysis. Two more combinations were tested in the linear dimeric
species Ph2PHBH2PPh2BH3 and the tertiary phosphine borane PPh3BH3 (Figure 5.4). The
thermograph of Ph2PHBH2PPh2BH3 is very similar to that of (Ph2PBH2)3 yet has the
highest mass percentage remaining at 800 °C (Figure 5.4, top). The differences in
thermolysis behavior between the three compounds is striking but seems to indicate that
cyclic structures stabilize the compound against thermolysis, resulting in higher
thermolysis temperatures and less pure products.
To quickly comment on the back-of-the-envelope assay for product determination,
it can be estimated through an analysis of the TGA data. In the case of Ph 2PHBH3 (200.02
Da), PB (41.78 Da) is 20.89 % of the total mass. Therefor in TGA we would hope to see
approximately 21 % mass remaining for complete combustion to PB. Any other mass
comes from either the incorporation of oxygen across the molecule or incomplete
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Figure 5.4: TGA thermograph of Ph2PHBH2PPh2BH3(top) and TGA thermograph of Ph3PBH3
(bottom)

combustion of carbonaceous groups. When a product demonstrates the approximately
correct mass loss in TGA, further analysis of the product through other methods is
performed. In the case of Ph3PBH3 (276.12 Da), PB is 15.13 % of the mass, with our TGA
trace showing that achieved around 700 °C (Figure 5.4, bottom).
The observations made from the Ph3PBH3 thermolysis became the basis for a later
hypothesis; if there is only one clear feature in the thermograph, it seems likely that the
thermolysis occurs in such a fashion as to avoid stabilizing intermediary structures. A
feature in TGA can be viewed as a segment of the thermograph where mass loss occurs at
a steady rate. The onset of the feature could be seen as the minimum energy input required
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to initiate thermolysis while the middle point of the thermograph can be seen as a reliable
temperature to heat the compound to which should result in the total thermolysis of the
feature. The closer these two temperatures are, the more likely these assumptions are to be
correct. For example, in Figure 5.4 the first clear feature for Ph3PBH3 is narrow, from
about 270 °C to 290 °C. It seems likely that heating at 280 °C would provide sufficient
energy to complete this feature. However, in the thermolysis for Ph2PHBH2PPh2BH3, the
feature spans almost the entire thermograph from 100 °C to about 670 °C. It seems the
selection of 385 °C is almost arbitrary and would probably not provide ample energy to
complete thermolysis. As such, narrower feature is desirable, with acceptable narrowness
being around 100 °C.
These thermolysis profile of the four analyzed phosphine boranes are surprising. It
appears that the incorporation of E-H bonds hinders thermolysis, possibly through the
formation of superstructures as seen in Arnold’s GaN work. 27 Efforts were made to identify
some intermediary species which might elucidate a mechanism at elevated temperatures
resulting in incomplete PB formation, yet efforts to identify and isolate compounds at these
thermolysis plateaus proved to be challenging. With no intermediates able to be isolated
and characterized, the analysis of substituent groups to determine the steric and electronic
impacts on thermolysis were done. In molecular chemistry variables such as substituent
steric profile and electron donation can drastically impact mechanism, and it was
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Figure 5.5: Some synthetic routes to secondary boranes

hypothesized that these effects would also influence thermal decomposition. Firstly, the
impact of E-H was examined.
It is challenging to purify and isolate primary and secondary boranes. There are a
handful of ways to approach the synthesis each with drawbacks of either a mixture of
products or a difficult purification (Figure 5.5).32-34 The most straightforward approach is
the reduction of commercially available dialkylborinates with a reducing agent such as
LAH (Figure 5.5, top). This is a great method for the preparation of less volatile primary
and secondary boranes but is limited by which borinates are commercially available. It is
possible to synthesize whichever borinate you like through substitution chemistry off of
BCl3, but if you are starting with BCl3 it is often more convenient to use alkyl lithium
reagents or Grignard reagents to make the desired dialkyl boron chloride (Figure 5.5,
middle). Once the chloride is formed, reduction of the chloride with lithium hydride can
yield the desired borane. For larger alkyl groups this works well, but with small groups it
may be necessary to use protecting groups to limit the addition of aryl groups to the borane.
Unsurprisingly, these protecting groups can be alkoxides, which lands us squarely into the
borinate synthetic route. Interestingly, redistribution chemistry has been reported with
128

boranes; employing BH3 in the presence of two equivalents of BR3 results in the formation
of a modest conversion to BR2H (Figure 5.5, bottom).34 The problem with redistribution
chemistry is if the yield is anything less than quantitative, the separation of the following
primary, secondary, and tertiary products is challenging. Yield also usually depends on the
identity of the R group, which makes it a less than ideal general methodology. It is also
possible to carefully hydroborylate olefines to afford the desired borane, but this process
is not ideal for numerous reasons including poor process control, purification issues,
mixtures of products, and difficulty in application.
To temporarily avoid the issue of complicated borane synthesis, it was decided to
use tertiary boranes for comparisons to the borane study. The preparation of tertiary

Figure 5.6: 11B NMR of BBu3PPh3 after 24 (bottom) and 48 (top) hours
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boranes is facile, and many are commercially available at low prices. Investigations began
with the formation of BBu3PPh3, as we believed it had the highest potential for a low
thermolysis temperature. Initially, it was believed that no adduct had formed between BBu3
(11B NMR resonance δ = 87.52) and PPh3 as the shift in the 11B NMR spectra did not appear
to change after stirring for 24 hours (Figure 5.6). However, after stirring for an additional
24 hours, signal intensity dropped dramatically (creating the broad borosilicate NMR probe
peak observed between ~40 ppm to -20 ppm), and new peaks are observed at 54.02 ppm,
31.42 ppm, and -0.14 ppm. The presence of a new upfield resonance is encouraging, as
donation from phosphorus into the boron should shift the resonance upfield, however, the
presence of multiple peaks suggests that further activity other than a Lewis adduct is
occurring.35
A fresh solution of BBu3PPh3 was prepared and the product analyzed by TGA.
BBu3PPh3 appears as a white, fluffy solid, and had no visible change upon exposure to
ambient atmosphere. TGA analysis of the product did not match predicted results;
following thermolysis only ~2 % of product remains (Figure 5.7), yet PB comprises 9.4 %

Figure 5.7: TGA thermograph of BBu3PPh3
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of the mass of BBu3PPh3. The product of this thermolysis is easily sublimed, which may
account for the mass loss greater than the theoretical maximum.
The product of this thermolysis was analyzed with UV diffuse reflection
spectroscopy, yet the results were inconclusive. The setup of our UV diffuse reflection
setup requires the inversion of a tightly packed sample, which this material cannot form.
Attempts were made to prepare the sample using KI as a solid solvent to help the packing
process, yet signal intensity from KI swamped out any observed feature of this material.
Initially, it was desired to produce larger amounts of this compound to sufficiently pack a
sampled for UV-Vis diffuse reflectance, however with a yield of a maximum of 10% on
thermolysis reactions, it would require the synthesis of almost 2 kg the phosphine-borane
prior to thermolysis to fill the sample chamber. In light of these restrictions, it was decided
to hold off on further bandgap analysis until a different analysis method could be used.
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A small scope of tertiary boranes were reacted with secondary and tertiary
phosphines, with the results summarized in Table 5.1, and spectra can be viewed in the
experimental section to promote clarity in the text. Insufficient solubility of BPh3PR3
compounds made it so detection through 11B NMR experiments were unachievable due to
the relative intensity of the borosilicate probe peak, so the comparative analysis between
substrates was made using 31P NMR spectra. During the formation of BBu3PCy3, after the
removal of volatiles under reduced pressure, liquid remained in the reaction flask. This
observation shows either that the compound was either retaining solvent or the adduct is a
liquid. The compound was transferred to a 20 mL scintillation vial and placed into the
freezer to promote crystal growth. Indeed, the contents of the vial solidified, and upon

*A downfield shift of 841 Hz was observed in 31P NMR spectra.
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warming to ambient temperature, melts. As the solid began to melt, the flask heated rapidly
with sufficient energy to boil itself. It is suspected that the dissolution of BBu3PCy3 in itself
is sufficiently exothermic as to boil the compound. This observation demonstrates the
extremely unusual behavior of the studied alkyl phosphine-boranes, which was also
observed with amine-boranes. The doublet observed in 31P NMR spectra centered at δ =
57.97 (J = 83.65 Hz) has splitting in ranges observed with asymmetric phosphorus splitting,
so 24 % of product formed likely has a P-P bond, yet is not the product (PCy2)2, which is
known to resonate at δ = -21 as a singlet. Unfortunately, neither product peak could be
isolated and further characterized.
The compounds BPh3PPh3 and BPh3PCy3 were attempted, although neither adduct
were appreciable soluble in most NMR solvents making characterization challenging. In
the 31P NMR spectra of BPh3PPh3, the majority of phosphine seems to not have coordinated
to the borane, and virtually no signal is observed in 11B NMR spectra, however, very little
compound is soluble in THF and Et2O despite the solubility of both BPh3 and PPh3 in both
THF and Et2O. In the 31P NMR spectrum of BPh3PCy3, two new peaks are observed, and
after ensuring the purity of PCy3 used, the same product peaks are observed. A hypothesis
emerges that P-Cy bonds are sufficiently labile to be activated under ambient conditions
with an alkyl borane, and as such, further analysis of tertiary borane-phosphines was
focused on aryl phosphines.
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To attempt to promote adduct coordination of BPh3PPh3, reagents were dissolved
in sufficient THF to dissolve the respective compounds, then cooled to -40 °C in effort to
co-crystalize the compounds, making the P-B interaction more favorable as solvent leaves
the system. As solvent leaves, the interaction between BPh3 and PPh3 should become the
most favorable state for each compound. While this did not result in X-Ray quality crystals
to ensure adduct formation, it was decided to proceed with the thermolysis of this potential
adduct after extracting unreacted phosphine and borane with cold (~ -30 °C) diethyl ether
(Figure 5.8). Surprisingly, the mass of the final product matches the calculated yield of
PB; PB comprises 8.3 % of BPh3PPh3, and this mass is achieved following the completion
of thermolysis and ~625 °C, and only one large feature is observed in the thermograph.
The feature is a little broader than desired, covering about 150 °C. Additionally, there is a
second, shallower sloped feature occurring between 350 °C to 625 °C. Yet, the majority of
mass loss occurring at a temperature centered around 275 °C so we may be able to form
the desired PB ceramic from this mixture.

Figure 5.8: Thermograph of BPh3PPh3
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Much of the analysis of BPh3PPh3 followed
what was observed with BBu3PPh3; UV-Vis diffuse
reflectance spectroscopy revealed little information,
and no crystallinity data could be collected from pXRD data. However, it was discovered that the red
glassy compound (Figure 5.9) was sparingly soluble
in acetone, so
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13
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collected. Interestingly, the

P NMR spectra were
13

C NMR spectra Figure 5.9: Image of post-thermolysis

solid from BPh3PPh3 under microscope
collected shows a high number of aromatic carbon- (20x magnification)

based species, which when assuming 4 resonances equates to one phenyl substituent, shows
the existence of at least 4 non-equivalent phenyl groups. At a base level, we know this
compound contains carbon impurity, with
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P NMR spectra showing three inequivalent

peaks, and 11B NMR spectra show four inequivalent boron species, with two exceptionally
broad resonances. Neither BPh3 nor PPh3, when thermolyzed independently of each other,
form the red solid observed or the thermograph measured.
While the understanding of the mechanism of the thermolysis of phosphine borane
adducts has not been fully realized, it does seem to indicate that the presence of E-H bonds
increases the temperature of thermolysis. However, there are many more areas which need
to be explored. For example, the inclusion of aryl groups seems to cause incomplete
thermolysis of products, which could be caused by the C-H activation of aryl protons.
While the study of compounds such as BBu3PCy3 were halted for safety and
instrumentation concerns, they may prove to be the best precursors. This intuitively makes
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sense, if we are trying to form CO2, it is easier to break the C-C bonds of cyclohexane than
the C=C bonds of benzene. The propensity for group 13 elements to do useful elimination
reactions, as seen in Arnold’s work, may actually be the lowest energy method to make
ceramics with careful design of precursors.
5.2.2 Boron arsenide, boron antimonide, and boron bismuthide
The challenge of attempting to obtain quality precursors for the formation of boron
arsenide is documented in Chapter 4. During the course of that study, products were tested
as thermolysis precursors as they were prepared. The cyclic (Ph 2AsBH2)3 was the starting
point for thermolysis studies towards the formation of boron arsenide. Upon TGA analysis
of (Ph2AsBH2)3, a clean conversion to BAs by mass is observed (Figure 5.10, top). The
clean loss of two equivalents of benzene are observed in the first combustion event,
occurring around 250 °C, with further mass loss occurring around 575 °C which we
initially suspected to be the formation of boron subarsenide. The math does not work
perfectly; the molar mass of (Ph2AsBH2)3 is 725.88 Da, with three equivalents of BAs
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Figure 5.10: Thermolysis of (Ph2AsBH2)3 with oxygen present (top) and with the exclusion of oxygen
(bottom)

(molar mass = 85.95 Da) being formed, or a mass percent of 35.5 % being lost. In the
thermograph, a mass loss of 25 % is observed, however, pXRD analysis of the product
formed of this first plateau matches that of cubic BAs. It is hypothesized that increased loss
of mass is a result of volatility of the ceramic, which can be observed as the mass continues
to drop on this plateau. After 575 °C, a second feature is observed, and the product of this
thermolysis matches the pXRD pattern for boron subarsenide. To rule out oxidation of the
arsine, experiments were performed with the exclusion of O2 (Figure 5.10, bottom). This
second experiment shows a much shallower slope of combustion, with the general same
profile of the experiment in the presence of oxygen but with far less defined features.
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This experiment provided the basis for one of the central hypotheses for this work;
the presence of oxygen is required for thermolysis to occur. This intuitively makes sense,
carbonaceous byproducts have plagued this approach to semiconductor ceramics in the
past, yet those experiments were performed with the exclusion of oxygen out of concerns
for the oxidation of the pnictogen and incorporation of oxygen in the final ceramic.
However, it appears that the exclusion of oxygen causes larger amounts of carbonaceous
byproducts; when oxygen is included the formation of CO2 can occur, which drives the
carbon out of the system. The loss of additional mass came from a much more benign
experimental flaw; BAs is volatile enough under these conditions that the nitrogen stream
of the carrier gas blows the BAs out of the sample tray as it forms, and into a complex
crystal structure inside the exhaust port of the instrument.
The formation of BAs on a larger scale was attempted, yet an appropriate heating
system for this system proved to be a limiting concern. Systems which were amenable to
zone heating were preferred so that volatiles could be collected in cool zones (a common
experimental practice in thermolysis), yet a device which met the demands of this system
were challenging to obtain. Success was found in the use of a regular chemical oven. A
sample of 0.50 g of (Ph2AsBH2)3 was placed inside of an oven in an open 20 mL
scintillation vial and heated to 275 °C. After 4 hours, a brittle, glass-like, red-orange solid
is obtained (Figure 5.11, left). This compound, when ground, matches the powder XRD
pattern for cubic BAs. To examine the impact of oxygen, the same material was
thermolyzed under a dynamic nitrogen stream with the exclusion of oxygen. This resulted
in a less uniform material observed in Figure 5.11, right. From a visual standpoint, the
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Figure 5.11: Thermolysis of (Ph2AsBH2)3 in open air (top left) and under N2 (top right).
SEM image of open air thermolysis (bottom left) and under N2 (bottom right)

product thermolyzed in open air is more uniform and has a less powdery texture. This
visual purity translates well to analytical purity, as the compound which is made under
dynamic nitrogen does not match the powder XRD pattern for cubic BAs. To our
disappointment, no single-crystal XRD quality crystals could be grown.
Considering the observations made with phosphine-borane systems, we were
curious if the implementation of tertiary arsines would also decrease thermolysis
temperatures. While studies have not yet included the analysis of Ph2AsHBBu3, the
synthesis of Ph3AsBH3 was attempted. Surprisingly, Ph3AsBH3 is not a stable adduct. In a
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reaction of a 1:1 mixture of AsPh3 with BH3-THF at -78 °C with THF as a solvent, at most
50 % conversion to the capped arsine is observed in 11B NMR spectra. If left in solution, a
slight bubbling is observed, and following 4 hours, 11B NMR spectra reveals no borane in
solution. While the adduct Ph3AsBH3 is isolated as a solid, dissolution into ambient
temperature solvent results in vigorous off gassing, and 11B NMR spectra reveals no borane
in solution. Due to synthetic complications, Ph3AsBH3 was not pursued as a ceramic
precursor.
Boron antimonide and boron bismuthide, while both potentially valuable ceramics,
have not been synthesized from this method. Similarly to AsPh3, neither SbPh3 nor BiPh3
formed stable adducts with BH3-THF. Unlike arsenic and phosphorus, it is challenging to
access the secondary Ph2SbH or Ph2BiH. In the reaction of SbPh3 with excess Li wire in
THF, the over reduction of antimony is observed as bulk antimony is seen precipitating out
of solution. Similarly, using a lower excess of Li wire still results in the reduction of the
antimony. Ph2SbCl can be easily accessed through the comproportionation of two
equivalents of SbPh3 with SbCl3 in a neat mixture, resulting in the formation of Ph2SbCl
after 16 hours of stirring. Ph2SbCl has the potential to serve as a convenient precursor to
antimony containing ceramics, yet this has not yet been realized. In efforts to obtain a
secondary stibine, Ph2SbCl was reacted in stoichiometric amounts with LiH, NaBH4,
KBH4, LiAlH4, and Li wire. In each reaction, the total reduction of antimony is observed.
It is possible to use Ph2SbCl as is, as reactions with a suitable nucleophilic group III
element may yield desirable products. However, this pathway has yet to be explored in
much detail. Bismuthane synthesis has proven to be similarly nonproductive, with the
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Figure 5.12: TGA thermograph of DIBAL-Ph2AsH

comproportionation of two equivalents of BiPh3 to BiCl3 in a neat mixture showing no
change over 16 hours.
5.3 Aluminum based ceramics
The least progress in this project was made towards aluminum-based ceramics due
to safety concerns. The nature of the ceramics formed, specifically AlP and AlAs,
prompted concern as they are predominantly employed as fumigation agents. Both AlP and
AlAs hydrolyze in ambient atmosphere affording AlO3 and PH3 or AsH3, with the latter
two compounds known for their toxicity. Without strict control of humidity, large-scale
ceramic formation was not attempted out of safety concerns- at the time of this writing, the
TGA and ovens used are in non-ventilated areas, and formation of ceramics such as AlP
and AlAs should be ventilated. However, the insights afforded by some precursor mixtures
was invaluable when assessing other ceramics.
The commercially available DIBAL (diisobutyl aluminum hydride) was used as a
convenient source of secondary allane. In a reaction of one equivalent of DIBAL to
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Figure 5.13: TGA thermograph of DIBAL Ph2AsH following a preheating treatment at 275 °C

diphenylarsine at -78 °C in THF, a yellow-green low melting solid is obtained following
removal of volatiles under reduced pressure. Upon thermolysis in TGA, two distinct
features are seen in the thermograph, each contributing approximately C10H15 matching the
loss of an isobutyl and phenyl substituent concurrently (36.5%) (Figure 5.12). Presumably,
the molecule in the plateau between ~400 °C and 550 °C has the formula iBuAlAsPh.
Isolation of this compound has not yet been achieved, but if successful would provide
valuable insight into the mechanism of thermolysis under these conditions, is it likely exists
as a dimeric or oligomeric mixture of substituted species.
Interestingly, heating a sample of DIBAL Ph2AsH at 275 °C, then analyzing the
thermolysis by TGA, reveals that the first feature is entirely removed (Figure 5.13). This
was very curious; we had been previously operating under the assumption that heating at
the center or end of the thermolysis peak was required to achieve complete combustion of
that feature, but it appears that heating at the onset of a feature is sufficient to fully
thermolyze that feature. This also proved to be true in the formation of cubic boron
arsenide, where heating the onset of the feature in TGA resulted in complete thermolysis
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Figure 5.14: TGA thermograph of DIBAL-Ph2AsH without oxygen

to the desired ceramic. Thus, the efforts towards AlAs provided the valuable insight into
our approach to ceramic formation, and provided us a new hypothesis; if thermolysis
occurs in one broad feature, can heating at the lowest point on that feature result in the
complete thermolysis of the ceramic? This hypothesis guided the low temperature
formation of cubic boron arsenide at 275 °C and became the basis for our first patent. Also
demonstrated in this system was the continued importance of oxygen; thermolysis in the
absence of oxygen results in both incorrect product formation as well as an overlap of
features in the thermograph (Figure 5.14).
5.4 Gallium based ceramics
5.4.1 Lithium gallium hydride derived precursors
The formation of gallium nitride and gallium phosphide were the two original
objectives of this project. Gallium nitride is a remarkably important semiconductor, it’s
discovery enabled the formation of the first blue LED, which in turn resulted in the
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Figure 5.15: TGA thermograph of H3GaPHPh2H

formation of the first white-light LED.15-16,

36-39

This discovery was instrumental in

expanding the use of LEDs to everyday lighting applications. Additionally, gallium
phosphide is a main component in the pale-yellow emission seen in regular LED lightbulbs,
and has shown affinity towards the oxidation of water.40-44 These utility of these ceramics
gives a reason for study, as understanding the formation of their study may lead to the
formation of new phases which may possess new properties. Additionally, forming these
desired ceramics at lower energy thresholds helps promote sustainable manufacturing.
There is some proof that pre-ceramic materials towards the formation of GaN is effective,
as Arnold demonstrated the formation of GaN at 700 °C from GaN cluster compounds.27
Multiple synthetic routes towards involving gallanes were considered and are
discussed in detail in Chapter 4 of this dissertation. Through the use of LiGaH4, the adduct
H3GaPPh2H was generated and analyzed in TGA (Figure 5.15). The mass loss prior to 450
°C is suspected to equate to a mass loss of only H2 yet may also be the result of sublimation,
as the second feature equates to a loss of one benzene with the final mass equating to the
loss of an additional 0.5 equivalents of benzene. While this result is interesting, this method
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Figure 5.16- Arnold's synthesis of GaN

did not appear to result in clean formation of GaP. What is also interesting are the
comparisons which can be seen in Arnold’s work with amine gallanes to form GaN (Figure
5.16).27 What may be occurring in the initial mass loss is the stabilization of a Ga-P
compound such as the one proposed in Figure 5.17. This
stabilizing effect could prevent complete thermolysis at low
temperatures and suggests that the inclusion of hydrogen
bonds, or other small groups which are easily cleaved, on
Figure 5.17: Potential

either the group III or V compound could inhibit complete stabilization of phosphine
gallane

thermolysis. This observation is counter intuitive, and
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Figure 5.18: TGA thermograph of Bu2GaN(p-tol)2

actually has been the goal for many preceramic materials, however it may be the case that
large, sterically imposing groups lead to lower thermolysis temperatures.
5.4.2 Dibutyl gallium chloride derived precursors
Alternate gallium precursors were sought, and success was found in the use of alkyl
gallanes, specifically GaBu2Cl. This molecule can be conveniently reacted with pnictogen
anions such as LiN(p-tol)2 (p-tol = 4-methyl phenyl) to afford the desired Bu2GaN(p-tol)2
(Figure 5.18). In TGA, all mass loss occurs prior to 350 °C, however, the final mass does
not match that of GaN. Bu2GaN(p-tol)2 possesses a molar mass of 380.22 Da, of which
21.8% is GaN, with the thermograph showing a final mass of approximately 40%. This
final mass does not equate to a neat part of the starting gallane and is closest in mass to a
species approximately GaNC5H9. In light of this result, a different class of precursor was
targeted.
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The molecule Bu2GaNEt2 was desired as an alternative to Bu2GaN(p-tol)2 due to
an interest in the effect of aryl verses alkyl substituents on the nitrogen. Keeping in mind
the pyrophoric nature of BBu3NEt3, it was suspected that GaBu2NEt2 would also be
pyrophoric. Upon the reaction of GaBu2Cl with LiNEt2 in diethyl ether at -78 °C, the
solution proceeds from a dark yellow to a cloudy white solution, and some gas formation
is observed. Upon filtration to remove LiCl, nothing was observed in the filtrate upon
removal of volatiles under reduced pressure. The volatilized and trapped solvent was
analyzed and was not found to possess product as determined through 1H and 15N NMR
spectra (15N NMR spectrum used as a binary confirmation, and not to determine product
identity). Seemingly, the product of this reaction was insoluble in diethyl ether and was

Figure 5.19: pXRD of Bu2GaNEt2 product. Collected powder pattern (top) literature peaks reported for
GaN (bottom)
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filtered out alongside the LiCl. This compound also appears to be air sensitive, as exposure
of the compound to air results in a change in color from white to pale yellow. Powder XRD
analysis of this compound shows a semicrystalline phase, which shares some characteristic
peaks found in GaN (Figure 5.19). It seems that the stirring of Bu2GaNEt2 at ambient
temperature results in the formation of small quantities of GaN, yet the purity of such GaN
is clearly suspect. Attempts at purification revolved around efforts to separate GaN from
LiCl, and it was found that extraction of LiCl from GaN using deionized H2O resulted in
the formation of an off-yellow powder, which pXRD spectra matched low quality GaN.
Calcination was attempted to increase quality, yet upon heating to 300 °C the yellow
powder slowly melted and formed a red, glassy solid, similar in appearance to the one
observed in the BP work. This solid did not match pXRD patterns for GaN, and appeared
to be amorphous. It is possible that during the attempted calcination a sintering process
occurred, thus removing the crystallinity of the product.

Figure 5.20: TGA thermograph of Bu2GaPPh2
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The preparation of GaP
was more successful than that of
GaN. Utilizing Bu2GaPPh2, a
clean thermograph is obtained
resulting in the formation of
GaP after heating to 650 °C
(Figure 5.20). GaP is 27% the
mass of Bu2GaPPh2, which is
slightly less than the mass loss
observed in the final portion of
the TGA. With the lessons in
mind from the study of AlAs, it
was hypothesized that the onset
of the feature in TGA could Figure 5.21 SEM image (top) and EDS spectrum (bottom) of
product of Bu2GaPPh2 thermolysis product

yield

the

final

ceramic,

especially if given sufficient time to fully react. A sample of 0.250 g Bu2GaPPh2 was heated
at 275 °C in an oxygen rich atmosphere for 24 hours, which afforded a glassy red solid.
Upon analysis of this solid with pXRD, no crystalline peaks were observed. However,
analysis of this product via SEM and EDS shows the formation of a predominantly gallium
phosphorus solid, with chlorine contamination (Figure 5.21). It should be noted that the
EDS spectrum also shows the presence of carbon and oxygen, but it should be noted that
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this signal is due to the presence of tape used to secure the sample to the SEM stage, and
is present in equal amounts when analyzing only the tape.
The presence of chlorine in the EDS is disheartening, as likely shows the presence
of unreacted GaCl3. This can also explain the deviation from the expected mass in the TGA
data. Complete conversion to the ceramic precursor was confirmed via 31P NMR spectra
as no residual LiPPh2 was observed, however, this would not show the presence of Ga-Cl.
It seems unlikely that Ga-Cl bonds would survive the thermolysis process due to the
oxophilicity of gallium, which could result in the formation of gallium oxides with the
incorporation of chlorine. Either way, it shows that a more stringent analysis prior to
pyrolysis is needed, and a technique such as 35Cl NMR analysis would prove to be useful
in this assay.
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Figure 5.22: Preheating of Bu2GaPPh2 to 350 °C in TGA (top) then heating to 915 °C following
cooling to ambient temperature

As mentioned previously, the effect of pre-heating a sample was considered as an
important variable in the formation of these compounds. In the formation of AlAs, heating
at the onset of a feature removed that feature and fully thermolyzed it. To study if this effect
occurred in Bu2GaPPh2, a sample of 15 mg Bu2GaPPh2 was heated to 350 °C for 2 hours,
then cooled to room temperature and allowed to rest for one hour. This same sample was
then heated to 915 °C under the normal ramp speed and conditions (Figure 5.22). Despite
the loss of only ~5% mass in the initial preheating of the sample the feature in TGA is
shifted dramatically, with thermolysis now taking place beginning at 525 °C, and the final
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Figure 5.23: TGA thermograph of Bu2GaAsPh2

mass in TGA is not close to the correct mass needed for GaP. The hypothesis is similar to
the one stated relating to LiGaH4 and the various BP precursors; preheating seems to enable
a more stable state which resists further thermolysis, similar to how one could prepare a
substrate through calcination. More germane, it shows how little is understood about the
mechanism of thermolysis, and how much more is needed to understand what factors
influence low temperature thermolysis.
Efforts towards the formation of GaAs have also been attempted. The precursor
Bu2GaAsPh2 was similarly prepared, showing two distinct features, one beginning at
approximately 300 °C and the other occurring at approximately 600 °C (Figure 5.23).
Thermolysis of this precursor in an oxygen rich environment at 600 °C results in the
formation of GaAs as determined through SEM and EDS analysis (Figure 5.24). While
this figure also shows trace chlorine contamination, it is far less than that observed with
GaP.
5.5 Further discussion and future work
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A

comparison

of

the

adducts leading to the formation of
GaN, GaP, and GaAs makes for an
interesting discussion. As the mass
of the pnictogen increases, the
thermolysis temperature increases
in kind, but the purity of the
resultant ceramic also increases.
The obvious explanation for this
trend is in hard/soft acid/base
theory. Gallium is a soft metal, so
should more readily pair with
arsenic, a soft base. It makes sense
5.24 SEM (top) and EDS (bottom) spectra of
for this ceramic to be the purest, Figure
Bu2GaAsPPh2 thermolysis product

even with little in the way of
optimization having occurred to date. Comparatively, the self-ignition of Bu3BNEt3 and
apparent formation of BN from it suggests that a proper match in hardness does indeed
have implications in the thermolysis barrier, with smaller elements having a barrier low
enough to be activated at ambient temperatures.
A match in hard/soft acid/base theory does not explain an increase in thermolysis
temperature. One would expect the thermodynamic preference for Ga-As bonds to lower
the activation energy to achieve that state. This is further confounded by the periodic trend
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of bond strength; arsenic forms weaker bonds to carbon than nitrogen does due to the larger
size and worse overlap in the bonding orbitals. Again, this consideration would lead one to
believe that weaker As-C bonds would increase final ceramic purity and decrease
thermolysis temperature. The higher thermolysis temperature could mean that the
activation energy for the initial decomposition event is higher. One possible explanation
could be found in the redox properties of each element; perhaps to achieve a product
decomposition the compound must pass through an elimination style pathway, or an
oxidation event occurs. Each compound contains the pnictogen in it’s third oxidation state,
so a potential pathway could involve oxidation. For rough comparison, the reduction
potential from NO3- to HNO2 [N(V) to N(III)] is 0.940 V. The reduction potential from
H3PO4 to H3PO3 [P(V) to P(III)] is -0.30, and the potential for H3AsO4 to H3AsO3 is
0.575.45 These potentials do not follow the observed trend in thermolysis, as the trend in
thermolysis temperatures is linear as you descend the group, and the reduction potentials
follow nonlinearly.
The knowledge gained in this project shows some key findings. The utilization of
alkyl group III elements seems to lower the thermolysis temperature of compounds
regardless of the nature of the group III element. Inclusion of alkyl groups on the group V
element also seems to lower thermolysis temperatures, although reduces them to the point
where spontaneous combustion in air is a concern, making analysis challenging. The reason
for this may be as simple as it is easier to combust alkyl groups as opposed to aryl groups
due to the stability of benzene.
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The formation of meta-stable structures likely inhibits the formation of the desired
semiconductor ceramics. These meta-stable structures can be accessed in a handful of
ways, but it seems like there are two most common causes. The first being the inclusion of
element-hydride or element-methyl bonds in the ceramic precursor, which can be easily
cleaved resulting in more stable structures, as seen in Arnold’s work. 27 The second route
to meta-stable structures can be achieved through the sintering or calcining of the ceramic
precursor prior to the final thermolysis, as observed in the pre-heating treatment of
Bu2GaPPh2. This heating would allow the molecule to reach a thermodynamic minimum,
which would be hard to decompose. While the products from this preheating may well be
a valuable product, it does not seem like a feasible way to form ceramics.
It would appear that the most fruitful way forward in this project would be to
attempt to understand these meta-stable states, if they do exist. Understanding how to avoid
or activate these states will doubtlessly result in more facile ceramic formation. There is a
drive in the ceramic community to attempt to understand these states and how the
thermolysis mechanism occurs, and as such, this methodology provides a novel
opportunity to study the half-way point of a thermolysis mechanism. A target ripe for study
would be the product made in any of the plateaus in any of the thermographs collected so
far. Additionally, the role of oxygen should be investigated, as well as what pressure of O2
in the reaction vessel optimizes the formation of ceramic but reduces product oxidation.
Additionally, other ceramics were not fully realized during this study. Indium
containing ceramics were not heavily focused on, with only a handful of reactions having
occurred to test whether they can serve as viable precursors. It does indeed seem that
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Figure 5.25: Potential forms of proposed ceramic GaAsSe

indium ceramic precursors could be made through this method. The incorporation of group
16 elements into the ceramic matrix would doubtlessly provide insights into doped
ceramics, and careful control of the addition of the group 16 element to that mixture would
provide an extremely precise level of doping at the molecular level. For example, if one
considers the ceramic GaAsSe, which as of February 2020 does not exist, the differences
demonstrated in Figure 5.25 would be hard to achieve through traditional deposition
techniques yet could be achieved through molecular precursors.
5.6 Conclusion
In conclusion, efforts were made towards the formation of semiconductor ceramics
of the type III/V using ceramic precursors. A general class of ceramic precursor of the type
ER2HxE’R’2Hx, (E = B, Al, Ga, In; E’ = N, P, As, Sb; R = Bu or iBu; R’ = phenyl or tolyl)
was found to promote ceramic formation at temperatures far lower than industry standard.
It is suspected that the lower thermolysis temperatures are due to the enthalpic driving force
of the removal of carbonaceous substituents through the loss of CO2. The ceramic products
were screened through analysis by TGA, and promising candidates were further formed
through large scale (< 0.10 g) thermolysis and subsequent characterization by powder
XRD, SEM, EDS, and IR. This method shows main limitations through inherent risk of
oxidation incorporation and carbonaceous product removal yet appears to be a promising
first step in the use of molecular precursors in the formation of III/V ceramics. Efforts were
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made to probe at structural motifs which lead to successful ceramic formation and found
that the ability to form caged structures increases thermolysis temperature, and examined
the importance of the use of oxygen in the thermolysis. Future work targeted at the
identification of new phases of ceramics, as well as a deeper understanding of the process
of transitioning between ceramic phases, could be possible (see Appendix B for an example
phase diagram of BN).
5.7 Experimental
5.7.1 General considerations
All manipulations were performed under an inert atmosphere of N2 using Schlenk line or
glovebox techniques using oxygen-free, anhydrous solvents unless specified otherwise.
Final products were exposed to air following workup to determine bench-stability. NMR
spectra were recorded using a Bruker AXR 500 MHz spectrometer and were referenced to
residual solvent impurities (δ = 7.16 for C6D6 and 1.72 for THF-d8) for 1H NMR
experiments, an external reference of 85% H3PO4 in H2O for 31P NMR experiments (δ =
0), and to an BF3-OEt2 11B NMR experiments (δ = 0.0). The synthesis of compounds used
in this chapter are outlined in Chapter 4. All other reagents were obtained from commercial
suppliers and dried by conventional means as necessary. Powder XRD was performed on
a Rigaku MiniFlex II diffractometer using Cu Kα radiation generated with a tube output
voltage and current of 30 kV and 15 mA, respectively. The diffractometer was equipped
with a water-cooled Scintillator detector that was used at a continuous rate of 0.5°(2θ) per
minute.

LCMS was collected on an AB-Sciex 4000 QTrap Hybrid Triple

Quadrupole/Linear Ion trap mass spectrometer. SEM images were collected either on a
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Zeiss Sigma 300 VP Field-Emission SEM or a JOEL 6060 SEM. A commercially available
GE LED Lamp A19 bulb with an operating power of 13 W and output of 800 lumens was
used for light catalyzed procedures.
5.7.2 Sample preparation for TGA
A sample between 10 mg and 20 mg was placed onto a platinum TGA sample pan. The
sample was placed in such a way as to not exceed the height of the pan and was gently
pressed into the bottom of the pan as to cover the bottom of the pan.
5.7.3 Standard thermogravimetric scan
The sample was heated to 107 °C at a rate of 10 °C/min and held at 107 °C for 10 minutes
to remove adsorbed moisture. The temperature was increased to 950 °C at 10 °C/min. Once
features were identified, temperature rate was decreased in those ranges. Specific example:
In the analysis of GaAs, Bu2GaAsPh2 was heated from 24.00 °C to 107.00 °C at a rate of
10 °C/min and held at 107.00 °C for 10 min. The sample was then heated to 345.00 °C at
a rate of 5.00 °C/min. The rate was then increased, and the sample was heated to 810 °C at
a rate of 10.00 °C/min.
5.7.4 General method for the preparation of phosphine boranes
Solutions of borane (0.41 mmol) and phosphine (0.41 mmol) were prepared by dissolution
into separate 20 mL scintillation vials with 5 mL THF and cooled to ~-30 °C with a standard
freezer. After cooling, the phosphine was added to the borane while stirring, and the stirring
solution was allowed to warm to ambient temperature. After 24 hours, an aliquot was taken
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to determine conversion, with the reaction being terminated by the removal of volatiles
after a maximum of 48 hours.

5.7.5 Characterization of BBu3PR2H

Figure 5.26: 31P{1H} NMR spectrum of the reaction of BBu3 and PPh2H
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Figure 5.27: 31P NMR spectrum of the reaction of BBu3 and PPh2H
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Figure 5.28: 31P{1H} NMR spectrum of the reaction of BBu3 with PCy2H
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Figure 5.29: 31P NMR spectrum of the reaction of BBu3 with PCy2H (J = 841 Hz)
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5.7.6 31P NMR spectra of BPh3PR3

Figure 5.30: 31P NMR spectrum of the reaction of BPh3PPh3
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Figure 5.31: 31P NMR spectrum of the reaction between BPh3PCy3
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5.7.7 NMR spectra of BBu3PR3

Figure 5.32: 31P NMR spectrum of the reaction of BBu3 and PPh3 after 24 hours
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Figure 5.33: 11B NMR spectrum of the reaction between BBu3 and PPh3 after 24 hours
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Figure 5.34: 31P NMR spectrum of the reaction between BBu3 and PPh3 after 48 hours
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Figure 5.35: 11B NMR spectrum of the reaction between BBu3 and PPh3 after 48 hours
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Figure 5.36: 31P NMR spectrum of the reaction between BBu3 and PCy3 after 24 hours
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Figure 5.37: 11B NMR spectrum of the reaction between BBu3 and PCy3 after 24 hours
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Figure 5.38: 31P NMR spectrum of the reaction between BBu3 and PCy3 after 48 hours
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Figure 5.39: 11B NMR spectrum of the reaction between BBu3 and PCy3 after 48 hours
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Chapter 6: Conclusions
The focus of this dissertation was to explore pre-ceramic materials and the impact
different classes of pre-ceramic materials have on the final composition and purity of the
resulting semiconductor. The hypothesis that group 13/15 pre-ceramic molecules can
afford III/V semiconductors at low temperatures was tested and found to be accurate.
Additionally, the use of an iron-based catalyst was demonstrated to activate phosphorus
and arsenic bonds in hydrophosphination and hydroarsination, and efforts were made to
expand catalytic activity to group 13/15 molecules. Ultimately, no 13/15 molecule was
successfully polymerized with [CpFe(CO)2]2.
In Chapter 2, the hypothesis that [CpFe(CO)2]2 could be utilized in the double
hydrophosphination of terminal alkynes under thermal and photochemical conditions was
tested. It was found that catalysis occurs with reaction times far lower than with the
comparative catalyst CpFe(CO)2Me. An comparison to the mechanism of the double
hydrophosphination using CpFe(CO)2Me shows that product formation inhibits catalysis
through the saturation of coordination sites on the iron. It is suspected that the more
saturated coordination sphere of [CpFe(CO)2]2 prevents product inhibition, thus
accelerating catalysis. [CpFe(CO)2]2 was then employed to activate As-H of analogous
arsenic systems in hopes to form arsenic based ligands. Preliminary results demonstrate
successful hydroarsination, with a more in depth study currently underway.
In Chapter 3, the hypothesis that small phosphorus rings could be used in the
formation of phosphine borane polymers was explored. While the formation of
polyphosphine-boranes was not achieved in this study, the phosphorus rings show activity
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in the conversion to the parent primary phosphine under mild hydrogenation conditions.
Additionally, these rings showed reactivity for established phosphinidene trapping
experiments, leading to the discovery of a mild source of phosphorus towards the
production of numerous desired small molecule products. Under proper conditions, these
rings may serve as a source of phosphinidene without the need for synthetically
complicated carrier compounds.
Chapters 4 and 5 sought to address the central hypothesis that molecular preceramic materials can effectively be thermolyzed to III/V ceramics. In Chapter 4, the
discovery and synthesis of a common class of pre-ceramic molecules was sough. Polymers
were attempted to be formed utilizing the [CpFe(CO)2]2 established in Chapter 2 and
through the phosphorus rings explored in Chapter 3. For arsine-borane compounds, small
inorganic rings were found to form preferentially over larger ring systems or polymers. It
seems likely that the thermodynamics of large polymeric structures is unfavorable, and
equilibrium results in the eventual formation of ring systems. Molecule precursors of other
group III/V semiconductors were synthesized, and a preferential class of precursor was
discovered in the adduct of alkyl substitution on the group 13 elements with to aryl
substitution on the group 15 elements.
In Chapter 5, the factors which influence thermolysis from the precursors
discovered in Chapter 4 were investigated. It seems that the presence of oxygen, the
substitution on each element, and the nature of the substituents all influence ceramic
formation, which was expected. What was surprising was the nature of the dependency;
having oxygen apparently promotes clean ceramic formation, having hydrides present
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increases thermolysis temperatures, and having sterically congested substituent groups
seems to decrease thermolysis temperatures. Additionally, thermolysis temperature
increases with the mass of the elements involved. Through this study, the formation of
BP, BAs, GaP, GaAs, AlAs has been realized, and substantial progress has been made in
the formation of BN, AlN, and GaN ceramics.
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Appendix A: X-Ray Crystallography
Data was collected on a Bruker D8 APEX II diffractometer with CCD detector and was
cooled with a KRYO-FLEX liquid nitrogen vapor-cooling, with crystals cooled using an
Oxford Cryostream liquid nitrogen cryostat cooled to 150 K. Data collection employed
graphite monochromatized MoKα (λ = 0.71073 Å) radiation. Hemispheres of data were
collected with ω scans. Data collection, initial indexing, and cell refinement were handled
with APEX III software. Frame integration, including Lorentz-polarization corrections,
and final cell parameter calculations were carried out with SAINT+ software. The data
were corrected for absorption with the SADABS program. The structure was solved with
direct methods and difference Fourier techniques. Non-hydrogen atoms were refined
anisotropically and hydrogen atoms were treated as idealized contributions. Structure
solutions and refinement were preformed with SHELXTL. POV-images were obtained
using Mercury software. Additional details of data collection and structure refinement are
shown below.
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Table A1. Sample and crystal data for (Ph2AsBH2)3.
Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

(Ph2AsBH2)3
C36H36As3B3
725.84 g/mol
293(2) K
0.71073 Å
0.230 x 0.294 x 0.547 mm
triclinic
P -1
a = 10.404(8) Å
α = 97.462(9)°
b = 12.689(11) Å β = 97.60(2)°
c = 14.197(12) Å γ = 108.725(10)°
1730.(2) Å3
2
1.394 g/cm3
2.904 mm-1
732
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Table A2. Data collection and structure refinement for (Ph2AsBH2)3.
Theta range for data
collection
Index ranges
Reflections collected
Independent reflections
Coverage of
independent reflections
Absorption correction
Max. and min.
transmission
Refinement method
Refinement program
Function minimized
Data / restraints /
parameters
Goodness-of-fit on F2
Δ/σmax
Final R indices
Weighting scheme
Largest diff. peak and
hole
R.M.S. deviation from
mean

2.05 to 33.28°
-15<=h<=15, -19<=k<=18, -21<=l<=21
39205
12553 [R(int) = 0.0270]
94.1%
Multi-Scan
0.5550 and 0.3000
Full-matrix least-squares on F2
SHELXL-2014/7 (Sheldrick, 2014)
Σ w(Fo2 - Fc2)2
12553 / 0 / 384
1.019
0.002
8601 data; I>2σ(I) R1 = 0.0325, wR2 = 0.0768
all data
R1 = 0.0603, wR2 = 0.0872
2
2
w=1/[σ (Fo )+(0.0386P)2+0.4502P]
where P=(Fo2+2Fc2)/3
0.604 and -0.566 eÅ-3
0.061 eÅ-3
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Table A3. Sample and crystal data for (AsPh2BH2)4.
Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

(AsPh2BH2)4
C48H40As4B4
959.72 g/mol
293(2) K
0.71073 Å
0.243 x 0.281 x 0.339 mm
triclinic
P -1
a = 12.436(6) Å
α = 69.49(4)°
b = 12.834(6) Å
β = 78.53(5)°
c = 17.739(9) Å
γ = 78.35(4)°
3
2572.(2) Å
2
1.239 g/cm3
2.604 mm-1
960
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Table A4. Data collection and structure refinement for (AsPh2BH2)4.
Theta range for data
collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent
reflections
Absorption correction
Max. and min.
transmission
Structure solution
technique
Structure solution
program
Refinement method
Refinement program
Function minimized
Data / restraints /
parameters
Goodness-of-fit on F2
Δ/σmax
Final R indices

1.71 to 25.51°
-14<=h<=14, -15<=k<=15, -21<=l<=21
23261
9229 [R(int) = 0.0901]
96.2%
Multi-Scan
0.5700 and 0.4720
direct methods
XT, VERSION 2014/5
Full-matrix least-squares on F2
SHELXL-2014/7 (Sheldrick, 2014)
Σ w(Fo2 - Fc2)2
9229 / 0 / 545

1.015
7.726
5090 data; I>2σ(I) R1 = 0.0829, wR2 = 0.2208
all data
R1 = 0.1806, wR2 = 0.2591
2
2
w=1/[σ (Fo )+(0.1563P)2]
Weighting scheme
where P=(Fo2+2Fc2)/3
Largest diff. peak and hole 1.240 and -1.065 eÅ-3
R.M.S. deviation from
0.183 eÅ-3
mean
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Appendix B: Phase Diagram of Boron Nitride

Source: Will, G.; Nover, G.; von der Gönna, J., J. Solid State Chem. 2000, 154 (1), 280.
Despite observing the above phase diagram during the study of the transformation
of cubic boron nitride (cBN) to hexagonal boron nitride (hBN), Gönna states that this
diagram does not adequately described the formation of BN, as deposition of cBN is
plagued by the formation of hBN although it should not be formed under those pressures
and conditions.
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